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Introduction

The 1994 Annual Report of the Structures Division

of the NASA Lewis Research Center gives a brief,

but comprehensive, review of the work completed

and the technical accomplishments of the division

during the 1994 calendar year. The Structures

Division consists of four branches: Structural

Mechanics, Fatigue and Fracture, Structural Dy-

namics, and Structural Integrity. The report is

organized to match the functional branches within

the division. This publication covers 54 separate

topics with a bibliography of 66 citations.

The research work we undertake is dictated prima-

rily by NASA mission requirements and the inter-

mediate and long-range aeropropulsion goals of

U.S. industry. The intent of this research is to both

enable and facilitate the competitiveness of the

U.S. aeropropulsion industry and the performance

of space propulsion systems. The focus of most of

our work is on developing enabling technology for

NASA missions and improving commercial aero-

nautical engines and turbomachinery. Much of this

technology also has use in nonaerospace applica-

tions. It finds its way into engineering design

books, technical society standards and codes, and

computer-aided design (CAD) and analysis codes.

The work reported was performed both in-house at

the Lewis Research Center and on contracts and

grants with industry and universities under spon-

sorship of Lewis. Although not always the case,

most of the reported work was planned and begun

5 to 10 years before its completion. It was under-

taken in consultation with representatives of the

aerospace industry, academia, and NASA. Coop-

erative technology programs are concurrently

carried out with both industry and universities to

transfer and implement this NASA-developed

technology.

The staff of the Structures Division includes a

number of internationally recognized engineering

authorities in their fields of expertise. Many of

them, besides performing research and writing the

journal and NASA articles listed in the bibliogra-

phy, have written or contributed to engineering and

scientific books used in industry and academia.

These books incorporate much of the work that

they and their colleagues performed at Lewis. A

number of the staff members have been recognized

for their contributions by being named a fellow in

their respective engineering professional societies.
The honor of fellow is awarded to less than

1 percent of all engineers is recognition of their

outstanding engineering and scientific contribu-

tions and professional achievements.

We hope that you find this report useful. Your

comments or questions regarding the report or our

work are welcome. You may contact me or any of
the Lewis contacts named for additional

information.

Louis J. Kiraly

Acting Chief, Structures Division
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Structural Mechanics

Dominant Parameters for Reliable Combustor

Liner Design Identified by Probabilistic
Assessment

Aerospace propulsion systems are a complex

assemblage of structural components that are

subjected to a variety of cyclic and transient
loading conditions. Inherent variability of material

properties and fabrication processes, as well as

geometrical tolerances introduce additional

uncertainties. Deterministic structural analysis

methods are not adequate to properly evaluate the

design parameters' variability. Furthermore, these

methods lead to conservative designs because

they use safety factors.

As an alternative to the deterministic approach,

NASA Lewis is developing probabilistic structural

analysis methods (PSAM's), which enable a user

to assess the effects of fluctuating loads, variable

material properties, and uncertain geometries on
the scatter of structural responses (eigenvalues,

frequencies, effective stresses, etc.). PSAM's are a

more reliable and systematic way to quantify

sensitivities associated with the corresponding

uncertainties in the design variables and the

significance of the design variables to the system

model. A PSAM is embedded in the computer code
Numerical Evaluation of Stochastic Structures

Under Stress (NESSUS).

A typical hot structural component within an

engine, such as a composite combustor liner, is

computationally simulated and probabilistically
evaluated in view of the numerous uncertainties

associated with the structural, material, and

thermomechanical load variables (primitive

variables) that describe the combustor. Results
show that the scatter in the combined stress is

not uniform along the length of the combustor

and that the coefficient of thermal expansion, the

hoop modulus of the liner material, and the

thermal load profile dominate stresses near the

support. Furthermore, altering the support

conditions to allow unrestrained radial growth

reduced the stress level near the support location

by more than 50% to that of fixed support
conditions at 50% probability level (fig. 1).
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Figure l.--Substantially reduced stresses near Enabling Propulsion Materials Program
combustor support from selecting support compliance.
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Figure2. Identification of dominant parameters by probabilistic
assessment. Probability level, 0.001.

Collectively, the results give quantifiable guidance

on dominant parameters for reliable combustor

liner design (fig. 2).

Lewis contact: Shantaram S. Pal. [216) 433-3255

Multilevel Substructur_ng Solution Strategy
Implemented on Workstation Network by

Using Parallel Virtual Machine Code

Efforts continue in the development of parallel

finite element (FE) analysis capabilities that are

easy to use, computaUonally efficient,

economically viable, and readily transportable

from one computer architecture to the next. In an

attempt to address these goals, a parallel

multilevel substructuring (MLS) FE program has

been developed to organize the parallelization of

the overall solution process. This program uses

parallel virtual machine (PVM) code to exploit the

modular flexibility that the MLS solution strategy

can provide in scheduling resources on a
distributed-memory network, such as the NASA

Lewis Advanced Cluster Environment (LACE)

system. The LACE system is a clustered set of 32
IBM RS6000 workstations.

Integrating PVM and MLS allows concurrent data

input, element stiffness matrix generation and

assembly, solution of system equations,

postprocessing (e.g., stress and strain

calculations), and data output phases of the FE

solution process. Concurrent computation can be

achieved on a distributed-memory network such

as the LACE system because each substructure

can be manipulated virtually in its entirety on its

own workstation during all FE solution phases.

In addition to its computational advantages, MLS

has many favorable analytical capabilities. One in

particular is the ability to isolate the numerical
treatment of nonlinear material behavior.

Specifically, when using a Newton-Raphson

solver, only the stiffness matrices of the

substructures that are affected by nonlinearity

need be updated during the nonlinear iteration

process. As a consequence the statically
condensed coefficient matrices of the linear

substructures need only be calculated once and

can simply be reassembled with the updated

nonlinear condensed systems as necessary. Note
that the recalculation of the stiffness matrices for

entire "branches" and/or levels of the MLS model

hierarchy during the nonlinear iterations can be

circumvented when using this type of solution

strategy.

To demonstrate the validity of the MLS solution

strategy as a viable algorithmic approach for the

efficient parallelizatlon of the overall FE analysis

solution process, we elasto-plastically analyzed

two types of turbine blade subjected to centrifugal
forces. The first model (fig. I) has 1575 nodes,
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Figure/.--First level of three-level turbine blade model.
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4533equations,1025elements,and a "global"
meanhalf-bandwidthof 253.Theothermodel
(fig.2)has 12767 nodes,36 518equations,
10955elements,and a "global"meanhalf-
bandwidthof 728. As figures 1and 2 show,the
linearand nonlinearparts of theanalysiscanbe
readilyisolatedfrom eachotherwhenusingMLS.
Notethat thesefiguresrepresentjust thefirst
levelof their respectiveMLSdecompositions.

Threeversionsof the analysiswereperformedfor
eachmodelon the LACEnetworkto evaluatethe
performanceofthe MLSprogram:(1)ananalysis
of the standard,"global"versionof the FEmodel
on a singleworkstation,(2)an analysisof the MLS
versionof the modelon a singleworkstation,and
(3)ananalysisofthe modelusingmultiple
workstations.Figures3 and 4 conveythe results
from this study. In particular, theyshowthe
wallclocktimesobtainedfor twoiterationsof the
solutionprocessfor eachof the threebenchmark
analysesconductedfor eachproblem.These
results showthat a properlyconstructedMLS
decompositionwill reducethe amountof time
neededto performanalysis.For example,from
figure3 the time requiredfor thefirst iterationof
the analysisfor theglobaland MLSversionsof the
modelshownin figure I using oneworkstation
wasreducedfrom 78 to 62wallclockseconds

(WCS).This differencewasmoredisparatefor the
modelshownin figure2. Fromfigure4 the time
was reducedfrom 3474to only 1487WCSwhen
usingonly oneworkstation.
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Figure 3.--Run times for turbine blade analysis on single and
multiple workstations of LACE system.

["7 Global model (1 workstation)
MLS model (1 workstation)
MLS model (32 workstations)

(3474) (3483)
3500 -- m m

Assemblage of 338
linear substructures

_- Linear-nonlinear

__ interface boundary

Assemblage of 10
nonlinear substructures

Figure 2.--First level of seven-level rotor blade model.

O

_0

d
E

0

o_
0

2800 --

2100 --

1400 --

700 --

0
First iteration

(1902)

(769)

Second iteration

Figure 4.--Run times for rotor blade analysis on single and multiple
workstations of LACE system.



The ability to isolate nonlinear material behavior

within the requisite substructures was also

shown to yield significant computational savings.

Comparing the times spent performing the

second iteration of the analysis for the global and
MLS models on one workstation clearly illustrates

this. For instance, the MLS version of the first

model required only 28 WCS as opposed to 81

WCS for the global model, and the MLS version of
the second model required only 33 WCS as

opposed to 3483 WCS for the global model.

The current parallel implementation of the MLS

program on the LACE network using PVM was

shown to be very inefficient. This inefficiency can

be attributed to many factors: (1) using an

oversimplified data communication methodology,

(2) spawning multiple processes simultaneously

on individual workstations, and (3) using an

Ethernet to perform the data transfer functions.

These deficiencies are being rectified.

Lewis contact: 6hantaram 6. Pal, (216) 433-3255

Multidlscipllnary Design Optimization Tool

Minimizes Takeoff Gross Weight for Both

Subsonic and Supersonic Aircraft Concepts

Configuration analysis of aircraft, which involves

weight estimation, aerodynamics, mission

performance, engine propulsion parameters,

takeoff and landing conditions, etc., is truly a

multidisciplinary problem. A computer software

flight optimization system (Flops) has been
developed to access new technologies in the

conceptual configuration designs of subsonic and

supersonic aircraft. For system optimization the

Flops software was coupled to the design tool

CometBoards (an acronym for comparative

evaluation test bed of optimization and analysis

routines for the design of structures). Salient

features of the Flops and CometBoards

optimization system include constraint

formulation, design variable formulation, and a

global scaling strategy. The resulting
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Figure l.--Optimum designs for subsonic and supersonic aircraft.

multidlsclplinary design software was used to

generate optimum configurations for subsonic
and supersonic aircraft.

It was observed that the optimization system

converged to the same global solutions for both

subsonic and supersonic aircraft even when

begun from different initial design points. The

optimum weights obtained for both aircraft are

depicted in figure 1. The optimum weights of the

subsonic aircraft compare well with the solution

that was obtained by another code, Engineous.
For the supersonic case the optimum weight is

about 10% lighter than the weight used to begin

the optimization iterations.

Lewis contacts: Dale A. Hopkins, (216) 433-3260; 6urya N.
Patnalk, (216) 433-8466
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Cascade Optim/zation Strategy Maximizes

Thrust for High-Speed Civil Transport

Propulsion System Concept

Designing a High-Speed Civil Transport

airbreathing propulsion system for multimode or

variable-cycle operations over a wide flight regime

is a complex problem. A computer simulation

called NASA Engine Performance Program (NEPP)

has been developed for analyzing such

aeropropulsion engines. Optimizing engine net

thrust for multiple mission points (defined

through altitudes, Mach numbers, flow rates, etc.)
with constraints specified on pressure ratios,

temperatures, speed corrections, mass flows, etc.,

has been cast as a nonlinear programming

problem through a soft coupling of the NEPP code

and the design tool CometBoards (an acronym for

comparative evaluation test bed of optimization

and analysis routines for the design of
structures). The design parameters, constraints,

and merit function of the resulting nonlinear

optimization problem vary over a wide range,

especially due to the multiple mission

requirements for such engines. Using the most

robust optimization algorithm (available in

CometBoards) could provide a feasible optimum

solution only for a portion of the mission.

To generate an optimum solution for the entire

flight regime, we have developed a scheme called

cascade optimization strategy. Multiple

optimization algorithms; pseudorandom damping;

and scaling of objectives, design variables, and
constraints are a few of the salient features of the

cascade strategy. The cascade strategy produced a

feasible optimum solution for engines with over

100 mission points. The cascade scheme

converged to the same global optimum solution

even when begun from different design points.

Figure I depicts the optimum thrust for an engine

with 21 mission points. For the problem the

cascade strategy produced superior feasible
optimum solutions for the entire mission.

Lewis contacts: Dale A. Hopkins, (216) 433-3260; 6urya N.

Patnalk, (216) 433-8466
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Figure/--Optimum design of rear divergent flap by CometBoards. (a) Rear divergent flap. (b) Downstream mixing nozzle.

(c) Von Mises stress contours. (d) 39% Weight reduction through CometBoards.

Optimization Improves Design of _Ixed-Flow

Turbofan Engine Exhaust Nozzle Component

A mixed-flow turbofan engine exhaust nozzle

system for High-Speed Civil Transport aircraft

(depicted in fig. I) has several components, such

as rear and forward divergent flaps, rear and
forward sidewalls, bulkheads, duct extensions,

and approximately six disk supports. Nozzle

design complexity increases with flight Mach

number, pressure ratios, temperature gradients,

dynamic response, and degradation of material

properties at elevated temperatures. Design

optimization of a rear divergent flap of the
downstream mixing nozzle was attempted through

the design code CometBoards (an acronym for
comparative evaluation test bed of optimization

and analysis routines for the design of
structures). The static and dynamic analyses for

the flap were performed with two analysis codes
(LEHOST and MSC/NASTRAN).

Qualitative behavior of the flap was explored

through its dynamic animation. Scrutiny of the
animation revealed that skin panels, stiffeners,

tapered sidewalls, and edge beams may be

candidates for optimizing flap design. The flap was

optimized for minimum weight conditions and for

static and dynamic constraints for the potential

design variables. Features of CometBoards, such

as design variable formulation and constraint

grouping strategy, were followed to reduce

excessive analysis parameters and constraints
that resulted from the finite element model, which

had over 5000 degrees of freedom. The optimum

solution obtained is depicted in figure 1. At the

optimum, stress, displacement, and frequency
constraints are active. The optimum weight is

39% lower than for the manual design.

Lewis contacts: Dale A. Hopkins, (216) 433-3260; Surya N.

Patna/k, (216) 433-8466

More Accurate Stress Mode in Turboprop

Blades Obtained From New Integrated
Force Method

The novel integrated force method has been

extended for dynamic analysis of structures

wherein force mode shapes are considered as the

primary unknowns of the resulting eigenvalue



(a)

(b)

Figure/.--Dynamic animation of turboprop blade. (a) Stress mode. (b) Displacement mode.

problem. Like static analysis the force method

produces accurate stress mode shapes. The

displacement modes, in the force method, can be
backcalculated from the force mode shapes. The

integrated force formulation in other words

provides accurate stress and displacement modes.

A computer software called IFM/ANALYZERS,

developed at NASA Lewis, can analyze structures

that can be modeled by using solid elements.

Approximately one dozen solid elements with and
without midside nodes, which are available in

IFM/ANALYZERS, can model components of

airbreathing engines with arbitrary shapes. IFM/
ANALYZERS also provides dynamic animations for

both force and displacement modes. Animation of

displacement and stress modes, which
complement each other, can be effectively used to

characterize failures due to fatigue and fracture

especially under dynamic loads. Dynamic

animations of a turboprop blade using eight-node

brick elements is shown in figure I. Note the high

displacement amplitude at the tip of the

cantilevered blade and the corresponding high

stress amplitude at its root. Both displacement

and stress animations complement each other

and depict the comprehensive behavior of the

turboprop blade.

Lewis contacts: Dale A. Hopkins, (216) 433-3260; 6urya N.
Patna/k, (216) 433-8468

Mechanics Enable Robust Simulation of Smart

Composite Plate Structures With Piezoelectric
Actuators and Sensors

Mechanics were developed at NASA Lewis for

smart composite laminates with embedded

piezoelectric actuators and sensors. A layerwise

formulation applied on both displacements and

electric potential has provided robust features not

found in previously developed models, including

the capability to model (I) active and sensory

response, (2) global response (deflected shapes,

voltage at sensors, and natural frequencies),



(3)local through-the-thicknessresponse
(intralaminarand interlaminar stresses,
interfacial phenomenabetweenstructure and
piezoelectricdevices,etc.),and (4)thin and thick
laminates.Specialtybeamand plate finite
elements(basedon laminatemechanics)and
prototypesoftwareweredeveloped.Thefinite
elementscanmodeleither continuousor discrete

piezoelectric actuators and sensors.

Figure 1 illustrates one of the extreme capabilities

of the mechanics, that is, the prediction of local

dynamic response of a thick composite plate with

surface-bonded piezoceramic layers. Numerous

other evaluations of beam and plate structures

have analytically and experimentally verified the

mechanics and have demonstrated the versatility

of the computational models for the analysis and

development of adaptive piezoelectric components

in advanced propulsion systems.

nibliogmphy
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Active Piezoelectric Structures Provide Tip

Clearance Management

Managing blade tip clearance in turbomachinery

stages is critical to the development of advanced

propulsion systems. Active casing structures with

embedded piezoelectric actuators appear to be a

promising solution. Their advantages include the

capability for static and dynamic tip clearance
control; the capability to compensate for uneven

deflections; compact design; and electro-

mechanical coupling at the material level. To

assess the feasibility of this concept, we used in-

house-developed computational capabilities for

the analysis of composite structures with

piezoelectric actuators and sensors to simulate

the response of typical active casing structures.
Additional efforts were also directed toward the

development of controller schemes for regulating

tip clearance.

The simulations provided valuable information

regarding preliminary actuator configurations
(number and location) and the corresponding

voltage patterns required to induce (or

compensate for) casing deformations contributing
to variations in the tip clearance. Figure I (a)

shows an example of an active casing ring with

four discrete piezoceramic actuators attached on

the outer surface. Figure l(b) shows the applied

electrostatic voltage on the piezoceramic actuators

required to statically ovallze the casing and the

induced radial displacements. The results have

demonstrated that active piezoelectric casings can

modify the blade tip clearance significantly

enough to ensure an effect on stage efficiency.
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Sensory Composite Laminates Detect
Delaminations

The development of sensory composite laminates

with real-time, nondestructive "health-monitoring"

capabilities will drastically improve the reliability

of many structural applications. In an attempt to

address this void in present technology, NASA

Lewis has investigated the feasibility of

delamination detection by distributed piezoelectric

sensors. At least two detection approaches were

pursued by monitoring changes in the modal

damping and frequencies of composite structures

and changes in the patterns of voltage

distribution across a grid of distributed

piezoelectric sensors. To understand the

complicated physics of the problem, we have
formulated mechanics that enable prediction of

how delaminations affect natural frequencies,

modal damping, and the electric signal at the

piezoelectric sensors of vibrating composite
beams. We also characterized the effects of

delamination on the dynamic characteristics by

testing graphite/epoxy specimens incorporating
different sizes of delaminations and correlated

them with the analytical predictions.

The changes in the natural frequencies and modal
damping were reasonable indicators of

intermediate and large delamination cracks

(fig. I), but such changes strongly depend on the

laminate configuration and mode order.

Delaminations also affected the electric signal of

distributed piezoelectric sensors attached on the

free surfaces of a vibrating laminate.

Characteristic voltage patterns have been

predicted to develop along the delaminated length

(fig. 2) and may be used to detect even small

delaminations, with limitations imposed only by

the size and density of the sensors. The work has

demonstrated the feasibility of delamination

9



detectionbasedon changesin the damping,
natural frequencies,and voltageamplitudeof
piezoelectricsensors.
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Boundary Element Method Simulates Thermal
Behavior of Functionally Graded Material

The special boundary element methods developed

in a joint program between the NASA Lewis
Structures Division and the State University of
New York at Buffalo have been used to conduct

thermal analyses of functionally graded materials

on the micromechanical (constituent) scale.

Functionally graded materials are materials in

which the internal microstructure or properties

are explicitly tailored to obtain an optimal

response. The analyses were carried out by using

the computational tool Boundary Element

Solution Technology--Composite Modeling System

(BEST-CMS). The unique features of the boundary
element formulations used here are derived from

the streamlined manner in which the composite

constituents are represented. A BEST-CMS model

requires only the external surfaces of the matrix
and the centerlines of the fibers to be discretized.

Circular shape functions are then used within the
BEST-CMS code to convert the two-dimensional

integrations of the composite fibers to one-
dimensional integrations. The advantages of using

this approach as opposed to traditional finite

element methods is that the complexity of the

model is significantly reduced and the model

generation process is simplified, particularly for

composites with complex interior architectures.

For this particular study the through-the-

thickness temperature profiles were computed for

a representative metal-matrix composite subjected

to a thermal gradient with varying numbers of

fibers and fiber spacing in the thickness direction.

The computed temperature profiles were then

compared with those obtained by using an

alternative analytical theory, Higher Order Theory

for Functionally Graded Materials (HOTFGM), in
which the heterogeneous microstructure is

explicitly coupled to the global analysis. HOTFGM
allows unique responses in each of the composite

phases that differ from the response that would

be seen in a homogenized continuum.

Figure 1 shows the through-the-thickness
temperature profile computed by using BEST-
CMS and HOTFGM for a material with three

uniformly spaced fibers through the thickness

subjected to a 500 deg C temperature gradient. In

a general sense the boundary element results

capture the variation from linearity in the thermal

profile predicted by HOTFGM. The nonlinearity

results from the specification that the material is

to be treated as a heterogeneous medium, not as



ahomogeneouscontinuum.The disparity in the
resultsbetweenthe twoanalysesis primarily due
to assumptionsinherentto the insert element
formulationusedto modelthe fibers in the
boundaryelementmodel.This hypothesisis
verifiedin figure2, whereresults computedby
usinga boundaryelementmodelin which the
fibersareexplicitlymodeledwith quadrilateral
surfaceelementsarecomparedwith the HOTFGM
results.Thetwo setsof resultsmatchalmost
exactly.

Theresults obtained here demonstrate that the

boundary element method can model the thermal

behavior of functionally graded materials, with the

accuracy level being determined by the complexity

with which the composite fibers are modeled. The

consistency between the boundary element

results and the HOTFGM results also helps to

verify the accuracy of the HOTFGM theory.

Lewis contact: Robert K. Goldberg, (216) 433-3330

Micromechanics Equations Developed for

Particulate-Matrix Composites
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Figure 1.--Through-the-thickness temperature profile computed by
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Figure 2.--Through-the-thickness temperature profile computed by

using quadrilateral surface elements to model composite fibers in

boundary element model.

Particulate-matrix composites are used in many

aerospace and nonaerospace applications. The

high costs and technical difficulties involved with

fabricating fiber-reinforced composites sometimes

limit their use in many applications. Particulate-

reinforced composites can be a viable alternative.

They can be used as dual- or multiphase

composite materials and have the advantages of
monolithic materials. They are easily processed to

near net shape and have the strength and

fracture toughness characteristic of continuous-
fiber-reinforced materials. They can also be used
as the matrix material in a continuous-fiber-

reinforced composite. The characterization of
these materials is fundamental to their reliable

use in structural components.

Recently, NASA Lewis has developed a set of
micromechanics equations to characterize these

materials. Their development followed the same
lines as the continuous-fiber-reinforced

equations. Although the reinforcing particles have

different sizes and shapes, they are assumed to be

dispersed uniformly as equivalent spherical

particles. A perfect bond is assumed to exist

between the reinforcing particle and the matrix
(binder) material. The micromechanics equations

for particulate composites are then used in

conjunction with composite micro- and
macromechanics equations. The computer

program Integrated Composite Analyzer (ICAN),

developed at NASA Lewis for polymer-matrix

composites reinforced with continuous fibers, has

been augmented for particulate-reinforced

composites as well. It allows the simulation of

composite behavior where the matrix itself

consists of two or more distinct phases (fig. 1).

The references show the derivation of

micromechanics equations for particulate-matrix

II



2.80

" 2.00
Q
12.

O 1.50
Q.

"O
41)

N

1.00
E
o
:F 0.50

0.00

E,/E b - 5

v/v, = 0,57

0.2 0.3 0.4 0.5

Vol. fraction of filler (V_

m E,.

m v,.

Figure l.--Properties of particulate composite (normalized with

respect to binder properties).

composites. Work is in progress to incorporate a
third constituent (i.e., an Interphase region

between the reinforcing particle and the binder

material) and to predict the strength of these
materials.
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Integrated Composite Analyzer Enhanced for

Polymer-Matrix Composites

Preliminary design and analysis of fiber composite
structures can be done in a cost-effective manner

by using computer codes. Over the last two

decades at NASA Lewis research in composite
micromechanics and macromechanics, which

includes the effects of temperature and moisture,

has resulted in the development of several

computer codes for composite mechanics and

structural analysis. The recent addition to this list

of computer codes is the enhanced version of

Integrated Composite Analyzer (ICAN, version 3.0)

for polymer-matrlx composites for both personal

computers and mainframes. The original version
of ICAN was released in 1984; and a second-

generation version, in 1993.

This current version of ICAN is about 40O/o larger

than the original, yet it is still manageable and

more user friendly. The code is written in

FORTRAN 77 and runs on many platforms,

including mainframes, supercomputers, desktop

workstations, and personal computers. Some of
its salient features are as follows:

1. The output can be tailored to specific needs by

choosing the appropriate options.

2. The property input can be given at the
constituent level (fiber and matrix) or at the ply

level (ff only ply-level properties are available).

3. Symmetric layups require reduced input
information as the code is augmented for

automatic generation of the complete laminate

configuration based on symmetry.

4. Several modules have been added to perform

durability or fatigue analyses for thermal as well

as mechanical cyclic loads. The code can

currently assess degradation due to mechanical

and thermal cyclic loads with or without a defect.

5. A completely redesigned, dedicated data bank
of constituent material properties as well as ply-

level properties is now available. An important

feature of the current data bank is a complete

description of the property, its symbol and units,
and its value.

Work is in progress to incorporate the

micromechanics for particulate-matrix composites
into ICAN.

The computer software and documentation are

available through the Computer Software

Management and Information Center (COSMIC),
Suite 112, Barrow Hall, Athens, GA 30602.
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Computational Structural Analysis Tool

Developed for Parallel Processing
Environments

Alpha STAR Research and NASA Lewis under a
Small Business Innovative Research (SBIR)

phase II contract developed a computational tool

that meets industry's future demand for

expedience and reduced cost in the design and

analysis of high-temperature structures. This

unique software, GENOA, is dedicated to high-

speed analysis of next-generation aerospace

systems. GENOA is focusing on computational

integration and synchronization for probabilistic

analysis, structural/material mechanics, and

parallel computing to combine their latest
innovative capabilities into a commercially viable

Figure 1.--Small turbine blade model specification." 8-noded brick

element; 1575 nodes," 1025 elements," 3 degrees of freedom per node.

software package. Because of the inherent

complexity of high-temperature composite

structures, parallel processing and dynamic load-

balancing optimization are used to speed up the

simulation processing of the diverse field of

specialized analysis techniques and mathematical
models. At times these models require

hierarchical multiple levels of interactive analysis,

using time-consuming convergence criteria that

further drive computing and design costs upward.

To reduce CPU time and memory limitations, an

effective optimized paraUelization of the solution
scheme was introduced. The framework of

creating a parallelized and optimized system is

introduced with divisions of principal algorithms

for the machine-independent types of computer

architecture: multiple-instruction multiple data,

single-instruction multiple data, and open

software foundation. Figures 1 and 2 show the

turboblade finite element model for the space

shuttle main engines and the analysis times

achieved by the Lewis Advanced Cluster
Environment (LACE).

Lewis contact: P.L.N. Mu_t.hy, (216) 433-3332
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Multieriteria Design Optimization Uses Genetic

Search Algorithms

Most optimization applications use only one

objective function to describe the problem at
hand. For example, a manufacturer might wish to

know how to maximize the profit from producing

an item. Some applications, however, require two
or more cost functions to be maximized. For

example, a manufacturer might wish to maximize

the profit while also minimizing the number of

accidents. Because it would be difficult to put a
dollar value on the cost of accidents, the two

functions must be optimized separately. In most

cases there is no single point that maximizes both

functions simultaneously; rather, the optimal

solution is a set of points, called Pareto points.

The goal of any multiobjective optimization

technique is to find the set of Pareto points for two
or more cost functions.

The advantages of genetic search algorithms are

that they are quite robust and do not require

knowledge of the gradients. Most genetic

algorithms are single-objective optimizers.

However, NASA Lewis has developed a new

multiobjective optimization procedure based on a

genetic algorithm. This procedure was

implemented in a computer program called
GENMO.

As illustrated by figure 1 all nondominated points

are given rank 1; and all dominated points, rank

2. Any designs that are infeasible are also given

rank 2. All rank 2 points are thrown away. The

rank 1 points and the children bred from these

points are carried over into the next generation.

New design points, "immigrants," are added to

keep the total population constant. The process is

repeated until the entire population is made up of
rank 1 points. These points are then the Pareto

points for the optimization problem. To test the

new algorithm, we ran three example cases from

the areas of turbomachinery aeromechanics,

ceramic composites, and polymer-matrix

composites.

In the turbomachinery aeromechantcs area,

optimization runs were performed to maximize the

torsional flutter margin and to minimize the

torsional response amplitude of a cascade of

blades in subsonic unsteady flow. The design

variables were the bending-torsion frequency raUo

and the location of the center of gravity. The

Pareto optimal curve generated indicated that the
optimum location of the center of gravity is

slightly forward of the quarter-chord point.

The second example involved the optimization of a

five-ply symmetric ceramic laminate to minimize

thermal residual stresses and cost simultaneously

by using ply thicknesses and volume fractions.

The Pareto curve generated has a so-called "min-

max" point that may be considered to be the

optimal solution to the optimization problem.

The third example problem is concerned with

14

Rank 2

Rank 2

Figure 1.--Schematic of new genetic algorithm.
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composites, NASA Lewis has developed a unique
and novel fiber-substructuring technique and is

incorporating it into a stand-alone computer code

called Ceramic Matrix Composite Analyzer

(CEMCAN). In this technique the fiber in the

conventional unit cell or the representative
volume element (RVE) is substructured into

several slices, and the micromechanics equations

are applied at the slice level. This technique can

account for varying degrees of interfacial bonding

around the fiber circumference or through the

thickness, local matrix cracking and fiber breaks,

different fiber shapes, etc., and it integrates the

effects of all these aspects on composite

properties and response. It also provides greater
detail in stress distribution.

maximizing the inplane bending rigidities of a

eight-ply symmetric graphite/epoxy laminate. The
design variables are the ply orientations, which

are allowed to vary between +90 ° and -90 ° . The

number of objective functions are two, the

reduced bending rigidities in the xx and yy

directions. No behavior constraints are imposed.

The reduced bending rigidities are calculated by

using the computer code Integrated Composite

Analyzer (ICAN), which is integrated with the

multlcriteria design optimization code. The Pareto

curve generated is shown in figure 2. The

conflicting nature of the objective functions is

clearly seen, and it appears that the
nondominated solution giving the best possible

planar rigidities follows a "stepped pattern," as

shown in figure 2.
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New Code Analyses Ceramlc-Matrix Composite

Stress-Strain Behavior Including Progressive
Fracture and Load Redistribution

Ceramic-matrix composites {CMC's) are being

considered for high-speed engine applications

because of their strength, fracture toughness, and

creep resistance in demanding service

environments. To analyze the behavior of these

Elastic properties of unidirectional, cross-ply, and

some angle-ply laminates made of SiC/RBSN

composite (silicon carbide SCS--6 fibers in

reaction-bonded silicon nitride matrix) were

predicted and compared with measured

properties. The comparison for thermal and

mechanical properties is excellent. Recently, a

nonlinear analysis capability that incorporates

local stress redistribution due to progressive
fracture has been added to the CEMCAN

computer code. Any material nonlinearity is
accounted for at the constituent level. This

capability also allows for the inclusion of the
residual stresses that arise from the difference

between the processing and use temperatures and
the mismatch in the coefficients of thermal

expansion between fiber and matrix materials. It
simulates the stress-strain state in the as-

fabricated material prior to loading. Another

added capability is the microstress redistribution

as the fracture initiates and propagates in a
laminate. If a constituent fails in a slice, its

microstresses are redistributed to the regions that
have not failed.

Results indicate that fiber substructuring

provides greater local detail than other

micromechanics-based theories at a high

computational efficiency. It allows for the

simulation of partial interphase bonding and

integrates its effect on the laminate properties and

response. Tensile stress-strain to failure for

several laminates was also predicted (fig. 1), and

failure modes were compared with experimental

observations. CEMCAN provides the user with a

"virtual test laboratory" in that new candidate
materials, different laminate configurations, or

different service environments can be quickly
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evaluated with a selected number of tests needed

for the calibration of certain properties for a given

material system.
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BallisUc Properties of Metal Fan Containment

Materials Being Evaluated for High-Speed Civil

Transport

Under the Enabling Propulsion Materials (EPM)

Program (a partnership between NASA, Pratt &

Whitney, and General Electric Aircraft Engines)
the Materials and Structures Divisions are

involved in developing a fan containment system

for the High-Speed Civil Transport. The program

calls for a baseline system to be designed by the

end of 1995, with subsequent testing of innovative

concepts. Five metal candidate materials are

currently being evaluated for the baseline system
in the ballistic impact facility. This facility was

16

developed to provide cost-efficient and timely

impact test data to the EPM program. The facility
allows both room- and elevated-temperature

ballistic impact tests, with post-test analysis and

the ability to conduct mathematical modeling of

the impact event to guide experimental testing.

To date, four of the five candidates have been

tested (see fig. 1). The fifth material will be tested
at Lewis as soon as it is made available. Results of

the tests will be used to select materials for

further large-scale testing, as well as by engine

designers to aid in the design of the baseline fan

containment system.

Lewis contacts: J. Michael Pereira, (216) 433-6738; Matt
Mells, (216) 433-3322



NewFiber DemonstratedExcellent Ballistic
Impact Properties

Fabric-based fan containment systems for jet

engines can save hundreds of pounds of engine

weight over standard metallic containment

systems. As part of the High-Speed Civil

Transport (HSCT) Enabling Propulsion Materials

Program, work is under way in the Materials and
Structures Divisions to evaluate the elevated-

temperature ballistic performance of fiber

systems. In the past year an elevated-temperature

ballistic impact facility was developed for testing

fan containment materials and concepts. Fabric

materials were evaluated in this facility by

shooting square specimens, clamped on four

sides, with a 1.27-cm (0.5-in.) diameter, 2.54-cm

(l-in.) long cylindrical projectile. The projectiles

were shot from a gas gun using a helium

propellant. Some of the specimens were heated to

260 °C (500 °F) with quartz lamps. The energy

absorbed by the fabric was measured from the

change in velocity of the projectile after it

penetrated the fabric. The ability to perform

computer simulations of the impact event has also

been developed as an aid in guiding the

experimental program.

the HSCT program and in subsonic applications.
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One of the fabric candidates has shown excellent

results (see fig. I). This candidate has

demonstrated the ability to absorb over twice the

energy of currently used fabric systems. It has

also shown good results at elevated temperatures.

This material is being evaluated for use both in
Human Factor in Structural Reliability

Probabilistically Simulated
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Figure 1.--Postimpact velocity as function of impact velocity for

two fabric systems, one at 260 °C (500 °F).

Structural failures have occasionally been

attributed to human factors in engineering design,

analysis, maintenance, and fabrication processes.

Every facet of the engineering process (planning,

designing, manufacturing, inspection,
maintenance, communication, and coordination

between different engineering disciplines) is

heavily governed by human factors and the degree

of uncertainty associated with them. Societal,

physical, professional, psychological, and many
other factors introduce uncertainties that

significantly influence the reliability of human

performance. Such factors are called primitive
variables. Quantifying the effect of human factors
and associated uncertainties in structural

reliability requires (1) identification of the
fundamental factors that influence human

performance and (2) models that describe the

17



interactionof thesefactors, standpoint.

Thehuman factorhas longbeena subjectof

study. Traditionally, there have been two

approaches to quantifying the effect of human

factors: (1) qualitatively describing its effects on a

certain outcome and (2) curve fitting the data

obtained through surveys. There is a clear need

for quantifying the fundamental factors (primitive
variables) that influence human behavior and its

subsequent effects on the probabilistic
assessment of structural reliability and risk. An

initial formal approach, based on probabflistic

concepts and a multifactor interaction equation of

product form (fig. 1) was used to probabflistically
simulate human behavior. For the initial

simulation the fundamental factors assumed to

affect human performance are health, home life,

marital status, work load, job satisfaction, and

professional status. The effect of remuneration is

not mentioned specifically, but it is implied in all

six factors. It is ludicrous to presume that these

are the only factors that influence human

performance; however, they constitute a

reasonable initial set of factors that are very

important in both professional and personal
fulfillment. Because these factors vary widely with

time, human performance inherits the associated

uncertainty. Therefore, it is appropriate to

simulate human performance from a probabilistic

The results of an initial investigation of the use of

probabilistic simulation to quantify the human
factors in structural reliability are as follows:

1. A multifactor interaction equation (MFIE) of

product form may be used to relate human

performance to some easily identifiable factor that
can influence it.

2. An initial assessment may include factors such

as professional status, home life, job satisfaction,
health conditions, marital satisfaction, and work

load.

3. The range of uncertainty in the human factor

can be evaluated probabilistically by assuming
uncertainties in the values for each factor and its

corresponding exponent in MFIE.

4. Exponent intervals can be selected to yield
reasonable values for the human factor.

5. A hypothetical table can be devised to convert
qualitative performance evaluation to quantifiable

ranges of uncertainty for specific probability.

6. An MFIE can be adapted to individual
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Figure 1.--Human behavior space (assuming six uncertainty factors, N=6.)
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performance by observing a person over a period

of time and entering more specific data into the

equation.

combination of (l) to (3).

Experimental investigations of the material

behavior of ice are expensive, test specific, and

not always reliable. For instance, the strength of
ice as measured under laboratory conditions can

be different by an order of magnitude from the

strength of multiyear sea ice. General-purpose

computational simulation models are needed for
cost-effective and reliable quantitative assessment
of the material behavior of ice. NASA Lewis has

been developing computational simulation

methods and corresponding computer codes for

more than two decades to analyze composite
materials and/or structures (ref. I). These

methods and codes are applicable for evaluating
ice behavior. We have demonstrated the capability

of these computer codes to predict ice thickness

and properties in prevailing environments.
Chosen for the demonstration was a sample case

of ice formation in a body of water to evaluate (1)
the time-variant thickness of ice formed under

prevailing environmental conditions and (2) the
mechanical and thermal properties of ice at

different temperatures through the ice thickness.

Typical results obtained (fig. 2) show that human

performance ranges from 33 to 66% out of 100%
maximum.
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Ice Formation and Material Behavior

Computationally Simulated

Available computational methods were used to

simulate the layer-by-layer formation of ice and to
characterize its material behavior. The material

behavior of ice formed under prevailing

environments over a period of time was modeled

by a multifactor interaction model. The model is

general in that it is applicable to all types of ice,

isotropic or anisotropic, formed under all

conditions. The enabling computer codes were
demonstrated for a sample case that illustrated

the procedure and the importance of layer-by-
layer simulation of ice formation and behavior

under the prevailing environments. The results

(fig. I) showed that the modulus of elasticity and

Ice forms in nature in various ways and comes in

contact with man-made structural systems and

their components. Ice formation on structures can

cause undesirable loading, which affects their

performance. In severe environments with
constantly changing conditions, such as

temperature and time, the properties of ice vary

significantly. To effectively counteract damaging

ice effects, it is necessary (I) to understand the
mechanism of ice formation, (2) to identify the

different variables (factors) and environmental

conditions that affect the properties of ice, (3) to

characterize the material properties of ice, and (4)

to analyze how ice properties are affected by the
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Figure 1.--Temperature variation of tensile strength of ice layers.
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tensilestrengthof icelayersand the entire ice
block increasewith time asthe ice temperature
decreases.The densityof the ice layersand of the
entire iceblock decreaseasthe icegetscolder.
Resultssuchasthesecanbequickly generatedby
using computercodes(suchas thosedescribedin
ref. 1).Collectively, the results demonstrated that

the formation process and properties of ice can be

computationally simulated, making it a cost-

effective procedure.
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Adaptive Intraply Hybrid Fiber Composites

Optimized With Rel/ability Considerations

Aerospace structures are complex assemblages of

structural components that operate under severe

and often uncertain service environments. They

require durability, high reliability, light weight,

high performance, and affordable cost. Composite

materials are potential candidates that meet these

requirements because they possess outstanding

mechanical properties with excellent fatigue

strength and corrosion resistance. Their

mechanical properties are derived from a wide

variety of variables, such as constituent material

properties and laminate characteristics (fiber and

void volume ratios, ply orientation, and ply
thickness). These variables are known to be
uncertain.

A new challenge is to further enhance structural

performance by investigating other advanced

concepts. Recent developments in smart-structure

concepts that use actuation materials, such as

piezoelectric ceramics, have the potential to
improve structural performance, durability, and

reliability (ref. I). The control device in smart

structures consists of (1) a polarized material, (2)

an electric field parallel to the direction of

polarization, and (3) the expansion-contraction

effects of the polarized material. When a control

voltage is applied, the actuation material expands
or contracts so that the structural behavior is

altered by a desired amount and its reliability is

changed. Present piezoelectric technology has

been successfully applied to small-scale, low-
stress structures. However, there are inevitable

difficulties when current technology is applied to
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large-scale,high-stresscompositestructures.
Thesedifficultiescanbealleviatedif the following
conceptis adopted:combinespecialpiezoelectric
fibers that havea fast actuationcapabilityand
relativelyhigh-strength,high-modulusfiber to
form an adaptiveintraply hybrid composite.This
compositecanbereadily integratedinto a smart
compositestructure by usingcombinationsof
intraply and intraply hybrid compositesto
ascertainthat smart compositestructureswill
operatein the design-specifiedrange.

Theadaptationofthe intraply hybrid composite
conceptto smart compositestructures is depicted
schematicallyin figure I, which showsthat the
smart compositecomprises(I) regularpliesthat
consist of regularcompositematerialsand (2)
controlplies that consistof strips of regular
compositematerialsand strips of mixedregular
and actuationmaterials.Actuators,containing
actuationmaterials,suchaspiezoelectric
ceramicsor piezoelectricfibers,areusedto
control compositestructural behaviorby
expandingor contractingthe actuationstrips to
achievethe requisitedesignand operationalgoals.
However,the strains inducedby theactuatorare
affectedby uncertaintiesin severalfactorsthat
canonly bequantifiedprobabilistically.These
factorsinclude (1)inaccuratemeasurements
madeby sensors,(2)deviationfrom the intended
electricfield, (3)uncertain relationshipbetween
actuationstrain and electricfield strength, (4)
uncertainmaterialpropertiesfor actuation

materials,(5)uncertainelectricfield strength,and
(6)improperlocationof sensorand/or control
materials.Becauseof thesefactorsthe useof
controldevicesincreasesthe uncertaintyin
alreadyuncertaincompositestructural behavior.

To accountfor variousuncertaintiesandto satisfy
designrequirements,knockdown(safety)factors
areusedextensively.Theseknockdownfactors
result in a substantialweight increasebut
without a quantifiablemeasureof reliability.An
alternativemethodfor determiningstructural
reliability hasbeeninvestigatedat NASALewis.
This methodis embeddedin the computercode
IntegratedProbabilisticAssessmentof Composite
Structures(IPACS).

Theinvestigationwasaccomplishedby integrating
probabilisticmethodsand smartcomposite
concepts into the IPACS code. Probabflistic

sensitivity factors from the probabflistic
assessment of composite structures were used in

the optimization procedure. The reliability for

actuated change in the angle of attack of an

airfoil-like composite structure with an adaptive

torque plate was maximized to 0.9999 probability
with constraints on the mean and standard

deviation of the actuation material volume ratio

(percentage of actuation composite material in a

ply) and the actuation strain coefficient. This
demonstrated that structural reliability with

constraints on the distribution parameters could

be maximized. The reliability-based cost for an

Actuation material volume ratio

Actuation strain coefficient

Actuation material fiber volume ratio

Actuation material fiber modulus

Electric field strength for expansion

Electric field strength for contraction

t I I I
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Figure 2.--Sensitivity factors of uncertain variables to reliability for lower bound of change in angle of attack.
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airfoil-like compositeshellstructure with adaptive
skin was also minimized with the mean actuation

material volume ratio as the design parameter.
The minimum cost was found when the mean

actuation material volume ratio was equal to 0.91.
The sensitivities at that minimum cost were also

evaluated (fig. 2).

can be combined through fault-tree analysis to

determine the reliability (probability of failure) of

the subsystem. Risk analysis that includes

subsystem costs can also be performed with the

code. However, this probabflistic structural code is

limited to the analysis of structural and thermal-

structural subsystems.
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Structural Probability Concepts Adapted to

Electrical Engineering

Complex systems are often composed of

subsystems involving more than one engineering

discipline (e.g., electrical, mechanical, chemical,

nuclear, fluid, and structural). Although each
subsystem can affect the total system and often

affect other subsystems, the components that

comprise the subsystems may vary. For example,

a structural subsystem has material property,

load, and dimension components, whereas a

simple electrical subsystem has resistance,

voltage, and current components. Each

component in each subsystem varies in

magnitude and/or direction. Because of the

variability of the components and the various

levels of sensitivity of their coupling, the complete

system varies in its operations. In order to analyze

the variability of such a complex

system, the subsystems must be evaluated

probabilistically (stochastically). ProbabilisUc

evaluation of muIUdisciplinary systems requires

computer codes that can analyze structural,
thermal, chemical, fluid, and electrical

subsystems. However, it is only through such an

evaluation that critical subsystems and

components can be identified, leading, in turn, to

possible reduced cost and improved reliability of

complex systems.

One probabilistlc code used to evaluate structural

subsystems is Numerical Evaluation of Stochastic

Structures Under Stress (NESSUS), developed for

NASA Lewis by Southwest Research Institute.
This code can be used to evaluate structural

subsystems with variable material properties,

dimensions, and loadings. Possible failure modes

Analogies between the variables of electrical and

structural subsystems were used to analyze

several simple electrical circuits. These equivalent

variables allowed an electrical subsystem to be
probabilistically analyzed with the NESSUS

computer code. This ability to analyze the

subsystem probabilisticaUy allowed us to evaluate

the reliability of systems having both structural

and electrical subsystems. In the future,

identification of the critical components, whether

structural or electrical, will make possible more

reliable systems at reduced costs.

Common examples of such systems are a

structural subsystem integrated with a health-

monitoring subsystem and smart structures.

These systems have electrical subsystems that

directly affect the operation of the overall system.

For example, in a health-monitoring subsystem,
electrical sensors inform system operators to

-j0.667 (_ _ Capacitor :_Resistor_ Inductor-jO.O001_ :=_>627.4Q_ j30

_e
.m

"E

O.

0
r-
Q

._>

E

100

8O

6O

o I
15 2520

Voltage, V

Figure ].--Probability of occurrence for real voltage of alternating-

current circuit.

22



-j0.667
J-Capacitor :_Resisto_ Inductor

-jo.oo01  >827.4 j30

.B

>
U)

o_

1.0

0.8

0.6

0.4

0.2

0

L

_ • Imaginary _IHUlJ

Current Resistance Inductance-h Inductance-I Inductance-m

source

Figure 2.--Sensitivities (relative units)for voltages of alternating-current circuit.

make proper adjustments. If the monitoring

system fails, the structural subsystem can be

damaged or it can fail. Similarly, in smart
structures that have an electrical subsystem in

the form of piezoelectric sensors and/or
actuators, failure of the piezoelectric system can

also result in failure of or damage to the

structural subsystem. Analogies between other

disciplines and the structures discipline can be

demonstrated so that such subsystems can be

probabilistically analyzed with a single code.

We have shown that an electrical circuit can be

probabllistically analyzed by using equivalent
variables in the structural analysis code NESSUS

(figs. 1 and 2). Therefore, system reliability

analysis can be performed on systems containing
both structural and electrical subsystems. There

are other analogies that exist between engineering

disciplines that should allow other types of

subsystem to be probabilistically analyzed with
the same code. The end result would be system

reliability analysis of a complete system, including

such subsystems as electrical, thermal, hydraulic,

and structural. Analyses of coupling between

subsystems could eventually be included, thereby

leading to realistic modeling of the assembled

system. Such improved system analysis would
lead to increased system reliability and reduced

cost.

Bibliography

Steinberg. E.P.; and Chamis, C.C.: Structural Probability
Concepts Adapted to Electrical Engineering. NASA TM-
106499, 1994.

Lewis contact: Christos C. Chamis, (216) 433-3252

Reliability of Composite Structures With

Multiple Design Criteria Studied

Aerospace structures are complex assemblages of

structural components that operate under severe
and often uncertain service environments. They

require durability, high reliability, light weight,

and high performance at an affordable cost.

Composite materials are potential candidates for

meeting these requirements. Some polymer-

matrix composite materials possess outstanding

mechanical properties with excellent fatigue

strength and corrosion resistance. Their

mechanical properties are derived from a wide

variety of variables, such as constituent material

properties and laminate characteristics {fiber and
void volume ratios, ply orientation, and ply

thickness). These parameters are known to be
uncertain.

To account for various uncertainties and to satisfy

design requirements, knockdown (safety) factors

are used extensively. These knockdown factors

significantly reduce the design load of composite

structures, resulting in substantial weight
increase without a quantifiable measure of

reliability. An alternative method that determines
the structural reliability for a single design

requirement is embedded in the computer code

Integrated Probabilistic Assessment of Composite

Structures (IPACS) for a comprehensive

probabflistic assessment of composite structures.

A composite structure can be certified when all

the design criteria are satisfied. For structural

23



A

73
snl .....

/

_ Leading edge _ B

I I I /

..... .... ....

.... --_..... "1 ..... /------- 4 4ft

..... .... !
Trailing edge 14_ B

18ft _I

Section A-A

I
'_ 4 ft
iTM

1.0 ft

.61 ft

Section B-B

Figure I.--Geometry of composite wing.

certification using probabllistic methods, not only

the reliability of individual design (performance)
criterion is needed, but also the system

(combined) reliability for the entire structure

considering all the necessary criteria needs to be

calculated. Several methods for calculating

system reliability of composite structures are

described in reference I. The computational
simulation was conducted on a UNIX workstation.

System reliability calculation was achieved by

using probabilistic fault-tree analysis (PFTA) and

adaptive important sampling (AIS) simulation

methods. PFTA provides a way to deal with a

structural system with multiple failure paths due

to multiple components or multiple design
criteria. The AIS method minimizes the number of

simulations. Random samples are generated by

using approximate limit state functions. Once

sampling points are generated, two options for AIS

simulations can be performed. One option is to

perform a simulation with the approximate failure

(limit state) functions. The other option is to
create and analyze finite element models for each

sample point. The performance criteria used for

demonstration were structural frequency range,

safety margin for stress, and displacement

constraint. An example of PFTA considering
failure function dependency was demonstrated.

The accuracy and computational efficiency for

different AIS options are discussed in reference I.

A probabilistic fault-tree analysis using AIS

methods for system reliability calculation

considering failure function dependency was

demonstrated (figs. 1 and 2). For this specific

example the system reliabilitles calculated by

using both AIS approaches agreed well with each

other. However, the computational time for AIS
with approximate failure function was one-tenth

that for AIS with finite element analysis. Also, the

sum of individual failure probability may not be a

good approximation for the system reliability if the
correlations between the failure (basic) events are

significant (table I).
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TABLE I.---SYSTEM RELIABILITY RESULTS WITH FIVE FAILURE FUNCTIONS

[Pf= Prob {[g1<0] U [g2<0] U [g3<0] U [g4<0] U [g5<0]].]

Reliability analysis

AIS

method
Structural model

Approx. functions
(using advanced
mean value +)

Number of
random

system
samples

107 (86
failures)

Probability
of failure,

rl

0.0171

Total
CPU time,

hr

2.5

AIS Approx. functions 113 (84 0.0163 22.0
and finite element failures)

Prob(gl <0)+Prob(g2<0)+ ................................ 0.0207 2.5
Prob(g3<0)+prob(g4<0) +
Prob(g5<O)

Prob(gl <O)+Prob(g2<O)+ ................................ 0.0165 2.5
Prob(g3<O) +prob(g5<O)
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Space Nuclear Propulsion System Nozzle

Probabillstically Assessed

A space nuclear propulsion system (SNPS) nozzle

was designed to generate the required thrust with
the desired level of reliability. Nozzle system

reliability is largely governed by structural

integrity and behavior. Variables associated with

structural behavior are geometry, boundary
conditions, material behavior, and incident loads.

Manufacturing a large nozzle with accurate design

dimensions is very difficult because of loose

tolerances in the machinery. Therefore, there are

always variations in the geometry and thickness
of the material used. The nozzle is connected to

the pressure vessel at the top; the difficulty in

determining the degree of its fixity to the pressure
vessel results in modeling variations. Thus, the

boundary conditions at the attachment are not
certain. Also, the grain structure of the material is
never uniform because of variations in the

material processing. Therefore, the behavior of the
material is never certain either and has a scatter

associated with it. Additional uncertainties are

attributed to irregularities in the combustion
reaction, variations in the fuel mixture ratio, in

the gas temperature from time to time and from

location to location, and, consequently, in the

magnitude of the gas pressure on the nozzle.

All the variables governing the structural design of
the nozzle have uncertainties associated with

them as just described. The conventional

deterministic design approach accounts for these
variations in the form of an upper bound or a

lower bound as the case may be. Because such an

approach results in an overconservative or

sometimes unconservatlve design, it is difficult to

assess the degree of conservatism, although the

safety factor is known. Accurately quantifying the

reliability and the associated risk with a given

design is an impossible task for deterministic
methods.

Probabilistic structural analysis is an approach

that, in a rational way, accounts for the effects of

uncertainties on the structural response.
Furthermore, it determines the structural

reliability and quantifies the risk. For more than a

decade NASA Lewis has been engaged in

developing probabilistic structural analysis

methods. The methodology characterizes design

variable uncertainties in the form of probability

density functions. A finite element structural

analysis and reliability algorithms are used to

numerically integrate these probability density
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Figure 1.--SNPS nozzle second mode of vibration. Frequency,

198.63 Hz.

functions in order to evaluate the structural

response distribution. The methodology developed

to design propulsion system components
probabilisticaily has been integrated into the

computer code Numerical Evaluation of Stochastic
Structures Under Stress (NESSUS).

An investigation was conducted to demonstrate

the effectiveness of this methodology when applied

to the reliability assessment of an SNPS nozzle

and its extension (fig. 1). The design requirements

for this nozzle are for very high pressures and

thermal loads to achieve high thrust and good

performance.

The results obtained demonstrated that the

NESSUS computer code could be used to perform

a probabilistic structural analysis of these types of

structure. The sensitivity of the structural

response and Its respective reliability were

quantified, and its role in the design process was

discussed (ref. 1). The results showed that the

stresses in the stiffener are higher than those in

the shell because of the higher thermal gradient
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Figure 2.--Results of probabilistic assessment of nozzle. (a) First

natural frequency. (b) Sensitivity of first natural frequency.

in the stiffener. The stresses at lower probability

levels are governed by the temperature on the
inner wall surface. The scatter of the natural

frequency of the nozzle is small and is dominated

by the uncertainties in the thickness of the shell

at high probability levels (fig. 2).
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Stress-Strain Behavior of Fiber-Reinforced,

Ceramic-Matrix Composites Modeled

Including Stress Redistribution

Ceramic-matrix composites (CMC's) currently are

the subject of a great deal of research interest due

to the requirement for new high-temperature
materials for use in high-speed engine structural

components and other applications. Continuous-

fiber-reinforced, ceramic-matrix composites offer

promise in this area, and hence considerable

effort is being devoted to their development. They

offer several advantages: high specific stiffness

and strength, higher toughness and nonbrittle
failure relative to monolithic ceramics, and

environmental stability and wear resistance for

both room- and elevated-temperature

applications.

There are several differences between ceramic-

matrix and, say, polymer-matrix composites. In

polymer-matrix composites the fibers provide
stiffness while the polymer matrix serves primarily

as a binder and generally has a very low modulus.

The ratio of Young's modulus between the fibers
and the matrix in polymer-matrix composites is

typically 10 2. In order to achieve high stiffness, it

is usually desirable to have a strong interfacial
bond between the fiber and matrix materials. On

the other hand, a major role of fibers in ceramic-

matrix composites, in addition to providing higher

stiffness, is to enhance toughness as the matrix

material is quite brittle and fails at relatively low

strain levels. The ratio of Young's modulus
between the fibers and the matrix in ceramic-

matrix composites is typically 10 °. A weak fiber/
matrix interfacial bond in CMC's enables such

toughening mechanisms as fiber debonding, fiber

bridging, fiber pullout, and crack deflection to

eliminate catastrophic failures and to provide

some ductility. Therefore, in spite of some

similarities with polymer-matrix composites, the

analysis of ceramic-matrix composites requires an

entirely different approach.

The computer code Ceramic Matrix Composite

Analyzer (CEMCAN, fig. 1) has been under
continued development under the sponsorship of

the High-Temperature Engine Materials Program
at NASA Lewis. CEMCAN is based on composite
micro-, meso-, and macromechanics and has been

developed specifically to simulate aspects unique

to CMC's. It incorporates a novel and unique

fiber-substructuring technique that has many
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Figure 1.--Integrated analysis approach embedded in CEMCAN

computer code.

advantages, including more accurate
micromechanical representation of Interfacial

conditions, both around the fiber and through the

laminate thickness, and provision of greater detail

in stress distribution within a ply at a very high

computational efficiency relative to numerical

analysis techniques used for micromechanical

analyses.

Recent upgrades to the CEMCAN computer code

included nonlinear analysis capability with

microstress redistribution due to progressive
fracture (ref. 1). Collectively, the results presented

(fig. 2) show that CEMCAN provides sufficient
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flexibility for theuser to studyvariousaspectsof
the deformationandfracture behaviorof ceramic-
matrix composites.A unidirectional [0]8composite
loadedalongthe longitudinal directiondisplayed
linear stress-strainbehaviorup to first matrix
crackingstress.Beyondthis point the matrix was
ineffective,and all the loadwascarriedbythe
fibersuntil fracture. Off-axisandangle-ply
laminate tensilestrengthwasgovernedby a
combinationof matrix and shearfailure. There
wasprobablefiber damageor breakagedueto
processingin the cross-ply[02/902]s laminate.

TheCEMCANcomputercodeprovidestheuser
with a "virtual test laboratory"in that new
candidatematerialsanddifferent laminate
configurations or service environments can be
evaluated in a fraction of the usual time and cost

because only a minimum number of tests are

needed to calibrate certain material properties for

a given material system.
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Technology Benefit Estimator (T/BEST) Users
Manual Published

Improvements in technology have contributed to

the advancement of research into aerospace

propulsion systems. To efficiently take advantage
of these advances, the benefits must be

communicated. As a result, NASA Lewis has

undertaken to develop a computational

simulation, Technology Benefit Estimator

(T/BEST), that successfully integrates several
disciplines in aerospace propulsion systems to

yield the benefits in emissions, noise, weights,

thrust, range, specific fuel consumption, cost, etc.

T/BEST is an executive system developed for the

benefit analysis of aerospace propulsion systems.

Figure 1 depicts the computational simulation

modules ofT/BEST. The executive system
controls the execution of all modules as well as

the flow of information between modules. A

computational module is defined here as a

FORTRAN (other language may be included)

program with a specified analysis capability. All

modules intercommunicate by a data file system
named neutral file.

The disciplines integrated in T/BEST are

1. Thermodynamics
2. Structures

3. Fluid flow

4. Cost

5. Mission
6. Emissions

7. Noise

The T/BEST executive system conforms with

three levels of user expertise:

1. Beginner, should execute T/BEST by using the

example

2. Intermediate, a user who has executed T/BEST

several times; must be able to modify many

neutral file default parameters

3. Expert, a user with extensive experience in

executing T/BEST; must be able to modify all

neutral file default parameters; can add or remove
modules to or from T/BEST
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The T/BEST system is a formal method for

assessing advanced technologies and quantifying

the benefit contributions for ranking. T/BEST

may be used to provide guidelines to identify and

rank high-payoff research areas, to help manage

research and limited resources, to show the link

between advanced concepts and the bottom line

(i.e., accrued benefit and value), and to credibly

communicate the benefits of research (fig. 2).
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Fatigue and Fracture

Thermal and Structural Analysis Performed

on Hollow Core Space Shuttle Main Engine
Turbine Blade

Hot-section components of spacecraft engines are

exposed to severe thermal-structural loading
conditions, especially during engine startup and
shutdown. For instance, the thermal transient

during startup conditions within the space shuttle

main engines (SSME) can lead to a gas

temperature of over 3000 °C (5432 °F), which

causes high stresses and strains that affect the

operating life of key components, such as the

turbine blades. To improve the durability of these

components, in particular the turbine blade,

single-crystal superalloys are being considered.
PWA-1480, a nickel-based superaUoy, has been
used as the turbine material for the SSME

Alternate Turbopump Development Program.

Turbine blades made of single-crystal superalloys,

including PWA-1480, are directionally solidified

along the low modulus [001] crystallographic

direction. The directional solidification process

usually generates a secondary crystallographic

direction, [010], that is randomly oriented with

respect to fixed geometric axes in the turbine
blade. Moreover, because of the anisotropic nature

of the single crystal, the stress-strain response

and the dynamic characteristics of any

component made of single crystal, such as the
turbine blade, would depend on both the

secondary and primary orientation angles. This
work addresses the influence of primary and

secondary orientations on the elastic response of
an SSME hollow core, [001J-oriented, nickel-

based, single-crystal superalloy (PWA- 1480)
turbine blade, under combined thermal and

mechanical loading conditions. The results from a

previous study (ref. 1) involving fiat plates of

single-crystal material subjected to thermal

loading showed that the influence of the

secondary orientation on the elastic stress

response is substanUal. Highest stresses occurred
at 45 ° secondary orientation, which identified it as

the most critical secondary orientation. Also, the

influence of the primary orientation angle, when
constrained between 0 ° and 10 °, on the elastic

stresses generated within the turbine blade is
much lower than the influence of the secondary

orientation angle, which is not usually controlled.

This study consisted of thermal-structural

analysis of an SSME type of turbine blade

subjected to thermal and mechanical loading

characteristic of engine use. The objective was to

assess the influence of secondary crystallographic

orientation on the stresses developed and to apply

understanding obtained from earlier analyses of

simpler structures (ref. 2) to this problem. Figures

I and 2 show the results obtained, demonstrating

that secondary crystallographic orientation has

strong influence on the stresses in the turbine
blade, which is consistent with earlier findings on

much simpler structures.

Figure l.--Schematic of SSME hollow core turbine blade.
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Fully Associative, Nonisothermal, Potential-
Based Unified Viscoplastic Model Developed for
Titanium-Based Matrices

A number of titanium-matrix composite (TMC)
systems are being investigated for high-
temperature airframe and propulsion system
applications. As a result numerous computational
methodologies for predicting both deformation
and life for this class of material are under

development. An integral part of these
methodologies is an accurate and computationally
efficient constitutive model for the metallic matrix
constituent. Furthermore, because of the

proposed elevated operating temperatures for
which these systems are designed, the required
constitutive models must account for both time-

dependent and time-independent deformations.
To accomplish this, we employ a recently
developed, complete, potential-based framework
(ref. 1) using internal state variables that was put
forth for the derivation of reversible and

irreversible constitutive equations. This
framework, and consequently the resulting
constitutive model, is termed complete because
the existence of the total (integrated) form of the
Gibbs complementary free-energy and
complementary dissipation potentials is assumed.
The specific forms selected here for both the
Gibbs and complementary dissipation potentials
result in a fully associative, multiaxial,
nonisothermal, unified viscoplastic model with
nonlinear kinematic hardening. This model (refs.
2 and 3) is one of many models in the Generalized
Viscoplasticity With Potential Structure (GVIPS)
class of inelastic constitutive equations.
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A unique aspect of this GVIPS model is the
inclusion of nonlinear hardening through the use
of a compliance operator (derived from the Gibbs
potential) in the evolution law for the backstress.
This nonlinear tensorial operator is significant in
that it allows both the flow and evolutionary laws
to be fully associative (and therefore easily
integrated (ref. 4)), greatly influences the
multiaxial response under nonproportional
loading paths (refs. 1, 5, and 6), and in the case of
nonisothermal histories, introduces an

instantaneous thermal softening mechanism

proportional to the rate of change in temperature
(ref. 3). In addition to this nonlinear compliance

operator the new (ref. 2) consistent, potential-
preserving, internal unloading criterion has been
used to prevent abnormalities in the predicted
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stress-straln curves, which are present with

nonlinear hardening formulations, during

unloading and reversed loading. This
nonisothermal GVIPS model was characterized

for Timetal 21S, an advanced titanium-based

matrix commonly used in TMC's. Results (see

figs. 1 and 2) illustrated the very good overall

correlation and predictive capability of the model

for a wide range of loading conditions (i.e., tensile,

cyclic, creep, step creep, step temperature, creep-

plasticity interaction and relaxation tests)

performed over the temperature range 23 to
704 °C (72 to 1300 °F). Finally, the proposed

model was also compared with a commonly

accepted and employed Bodner-Partom (BP)

viscoplastic model and found to be superior in

both its predictive capabilities and numerical
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Micromechanics Analysis Code Predicts
Thermomechanical Deformation of Advanced

Composites

The ability to accurately predict the

thermomechanical deformation response of

advanced composite materials continues to play

an important role in the development of these

strategic materials. Analytical models that predict

the effective behavior of composites are used not

only by engineers performing structural analysis

of large-scale composite components but also by

material scientists in developing new material

systems. For an analytical model to fulfill these
two distinct functions it must be based on a

micromechanics approach, which uses physically
based deformation and life constitutive models

and allows one to generate the average (macro)

response of a composite material given the

properties of the individual constituents and their

geometric arrangement. Only then can such a

model be used by a materials scientist to

investigate the effect of different deformation
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mechanismson the overall response of the

composite in order to identify the appropriate
constituents for a given application. However, if a

micromechanical model is to be used in a large-

scale structural analysis, it must be

computationally efficient, able to generate

accurate displacement and stress fields at both

the macro- and microlevels, and compatible with

the finite element method. Additionally, new

advances in processing and fabrication techniques

now make it possible to engineer the architectures

of these advanced composite systems.

Full utilization of these emerging manufacturing

capabilities requires the development of a

computationally efficient micromechanics analysis
tool that can accurately predict the effect of
microstructural details on the internal and

macroscopic behavior of composites.

Computational efficiency is required for two

reasons: a large number of parameters must be
varied in the course of engineering (or designing)

composite materials, and optimizing a material's

microstructure wlll require integrating the

micromechanics model with optimization

algorithms. From this perspective analytical

approaches that produce closed-form expressions
which describe the effect of a material's internal

architecture on the overall material behavior are

preferable to numerical methods, such as the
finite element or finite difference schemes.

A number of models presently exist that can fulfill

some aspect of these tasks. However, few working
models are both computationally efficient and

sufficiently accurate at the micro- and
macrolevels. One such micromechanics model

with the potential of fulfilling both tasks is the

method of cells (ref. 1) and its generalization

(ref. 2}. The comprehensive capabilities and

efficiency of this method have been documented
in references 3 and 4. Consequently, NASA Lewis

recently developed the computationally efficient
and comprehensive Micromechanics Analysis

Code (MAC) whose predictive capability rests

entirely upon a fully analytical micromechanics

model called the generalized method of cells

(GMC) (refs. 2 and 3). MAC is a versatile form of
research software that "drives" the doubly or triply

periodic micromechanics constitutive models

based on GMC. GMC can predict the response of

both continuous and discontinuous multiphase

composites with an arbitrary internal
microstructure and reinforcement shape. GMC is
a continuum-based micromechanics model that

provides closed-form expressions for the

macroscopic composite response in terms of the

properties, size, shape, distribution, and response

of the individual constituents or phases that make

up the material. GMC also uses physically based

viscoplastic deformation and life models for each
constituent. MAC enhances the basic capabilities

of GMC by providing a modular framework

wherein (1) various thermal, mechanical (stress or

strain control) and thermomechanical load

histories can be imposed, (2) different integration

algorithms can be selected, (3) a variety of
constituent constitutive models can be

implemented, and (4) a variety of fiber

architectures can be easily accessed through their

corresponding representative volume elements.

Figure 1 illustrates the basic flow diagram for this

modular framework. Figure 2 illustrates MAC's

ability to describe the influence of hybrid

architectures on the transverse inelastic response
of MMC's.

I Ba,c.Mode] t

Material Model and
Constituent Data

I
Time Increment LoopJ

/
Load History Control: |
Thermal, Mechanical or JThermomechanical

Integration Algodthm:l I GMC: |
Forward Euler or i'_
Predictor/Corrector ] ] Double orTriple Periodic] .L

i =.

I Bodner-Partom I
Robinson I

GVIPS I

Output Data: ]X-Y Data and PATRAN

Load History Completed? J

Figure ].--MAC flowchart.
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Thermomechanical Multiaxial Fatigue Testing

Capability Developed

Structural components in aeronautical gas

turbine engines typically experience multiaxial
states of stress under nonisothermal conditions.

To estimate the durability of the various engine

components, it is necessary to characterize the

cyclic deformation and fatigue behavior of the

materials used under thermal and complex

mechanical loading conditions (refs. I and 2). To

this end, a testing protocol and associated test

control software have been developed for

performing thermomechanical axial-torsional

fatigue tests. These tests are to be performed on

thin-walled, tubular specimens fabricated from

the cobalt-based superalloy Haynes 188. The
software is written in C and runs on an MS-DOS-

based microcomputer. Several innovations

incorporated into the test control software include
a successive approximation algorithm for

constant-rate temperature control; dynamic

compensation for changes in the specimen

dimensions due to changes in the coefficient of

thermal expansion times temperature _ AT,

including the extensometer gage length;

synchronization of all command and acquisition

events using the personal computer's 8254 timer

chip; high data acquisition rate oversampling to
reduce noise while minimizing signal time

averaging; polynomial interpolation of

temperature versus thermal swain; and control of

the axial mechanical strain (_ot - a AM, where _tot
is the total strain. In addition, to avoid crack

initiation from thermocouple spot welds, the gage

section temperature is monitored by a light-pipe

infrared probe. The test control software allows for

arbitrary phasing between temperature and axial

and torsional command waveform signals. Axial
and torsional load, strain, and stroke as well as

specimen temperature data are acquired 1000

times per cycle. Tests are performed in 600-sec

cycles (dictated by the slowest free-convection

cooling rate at the low end of the temperature

cycle). Graphical output of axial and torsional

stress response, temperatures, and additional

pertinent information is displayed on the

computer monitor in real time.

The test matrix will include (I) axial in-phase and

out-of-phase thermomechanical force (TMF) tests,

(2) torsional in-phase TMF tests, (3) mechanically

and thermally in-phase tests (MIPTIP), (4)

mechanically in-phase and thermally out-of-phase
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tests (MIPTOP), (5) mechanically out-of-phase and

thermally in-phase tests (MOPTIP), and (6)

mechanically and thermally out-of-phase tests

(MOPTOP) (fig. I). The maximum and minimum

temperatures for all tests will be 760 and 316 °C

(1400 and 600 °F), respectively. The results of

these experiments will be used to assess

multiaxial fatigue life models for their applicability

to cyclic thermomechanical loading conditions.

This program has been preceded by baseline

experiments establishing the axial-torsional

fatigue and deformation characteristics of Haynes

188 at 760 and 316 °C (1400 and 600 °F).
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High-Temperature Extensometer and

Palladium-Chromlum Temperature-

Compensated Wire Resistance

Strain Gages Compared

A detailed experimental evaluation is under way

at NASA Lewis to compare and contrast the

performance of the palladium-chromium/

platinum (PdCr/Pt), dual-element, temperature-

compensated, wire resistance strain gage with

that of conventional high-temperature

extensometry (ref. l). The advanced PdCr gage,

developed by researchers at NASA Lewis, exhibits

desirable properties and a relatively small and

repeatable apparent strain to 800 °C (I 475 °F)

(refs. 2 and 3). This gage represents a significant

advance in technology, as existing commercial
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resistance strain gages are not reliable for quasi-
static strain measurements above --400 °C

(760 °F). The two strain measurement systems are

being evaluated by applying various thermal and

mechanical loading spectra using a high-

temperature thermomechanical uniaxial testing

system. In this way the applicability of the PdCr

strain gage to the coupon-level specimen testing
environment typically employed when

characterizing high-temperature mechanical
behaviors of structural materials can be

investigated. Strain measurement capabilities to

800 °C (1475 °F) are investigated with a nickel-

based superalloy (Inconel 100, or IN100)

substrate material, and application to titanium-

matrix composites (TMC's) is examined with the

model system silicon carbide-reinforced/titanium-
15 wt% vanadium-3 wt% chromium-3 wt%

aluminum-3 wt% tin (SCS-6/Ti- 15-3). Further,

two gage application techniques are investigated

in the comparison study, flame spraying and spot

welding.

TMC experienced an effective failure with initial

loading caused by a crack in the Timetal 21S

shim at a spot weld location. Data obtained from

this gage were therefore erroneous, as poor
contact existed between the shim and the

substrate composite. Subsequent to mechanical

loading cycles, the specimens were subjected to

thermal cycles to measure changes in the

apparent strain responses. In general, the

apparent strain responses of both the weldable
and flame-sprayed gages were repeatable. As a

final aspect of mechanical performance in the

present work the specimens were subjected to

progressively increasing mechanical loads to
measure the maximum mechanical strain

threshold of the gages at room temperature.

Preliminary results indicate that the gages tended

to lose reliable strain measurement capabilities at

The apparent strain responses of both the

weldable and flame-sprayed PdCr wire strain

gages were found to be cyclically repeatable on

both INI00 and SCS-6/Ti- 15-3 [0] 8. In general,
each gage exhibited some uniqueness with respect

to apparent strain behavior. Gages mounted on

the IN100 specimens tended to show a repeatable

apparent strain within the first few cycles, as the

thermal response of the IN 100 was stable. This
was not the case, however, for the TMC, which

typically required several thermal cycles to
stabilize the thermal strain response. Thus,

progressive changes in the apparent strain
behavior were corroborated by the extensometer,

which, unlike the mounted gage, can distinguish

quantitative changes in the material's thermal

strain response. One specimen was instrumented

with both a fixed and floating gage. From the

difference in output of these two gages the

thermal expansion strains were calculated. These

data are given in figure 1, exhibiting excellent

agreement with the values measured by the high-

temperature extensometer.

In general, the mechanical strain measurements

from the gages and extensometer on both the
INI00 (to 800 °C; 1475 °F) and TMC (to 600 °C;

1115 °F) were in relatively good agreement (within

10%) to 2000 p_. However, a slightly larger

variation was found in the low-temperature

measurements on the IN 100 specimen with the

weldable gage. The weldable gage mounted on the
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Temperature-Dependent Effects Studied on
Mechanical Behavior and Deformation

Substructure of Haynes 188 Under

Low-Cycle Fatigue

The mechanical behavior of a cobalt-nickel-

chromium-tungsten superalloy, Haynes 188, is

presently undergoing critical examination at NASA

Lewis. This dynamic strain aging (DSA) alloy is

used in many military and commercial aircraft

turbine engines for combustor liners and in the

main injectors of the space shuttle main engines

for the liquid oxygen posts. Its attractive features

include a good combination of high monotonic

yield and tensile strength and excellent
fabricability, weldability, and resistance to high-

temperature oxidation for prolonged exposures.

One of the current research activities on Haynes

188 is investigating the effects of temperature on
the mechanical behavior and deformation

substructure under low-cycle fatigue (LCF)
conditions over the temperature range 25 to

1000 °C (80 and 1840 °F) at a constant strain rate

of 10 -3 sec -I. Particular attention is given to the

effects of DSA on the stress-strain response and

IA2F life. Although DSA is found to occur over a
wide temperature range between 300 and 750 °C

(570 and 1385 °F), the microstructural
characteristics and the deformation mechanisms

responsible for DSA vary considerably and depend

on temperature. Further, DSA is not consistently

evidenced through serrated yielding; however,

specialized tests where the strain rate is changed

at specific cycles reveal a negative strain rate

sensitivity, indicative of DSA. A correlation

between the cyclic deformation behavior and the

microstructural processes is enabled through

detailed transmission electron microscopy

investigations on material tested at the various

temperatures.

As shown in figure 1, Haynes 188 exhibits a

relatively complex temperature-dependent stress

response. Below 300 °C (570 °F) the material

exhibits a short period of cyclic hardening

followed by an extended period of essentially

stable stress response until the onset of failure.

Here, cyclic deformation occurs by simultaneous
activation of two slip systems. In the

midtemperature regime from 400 to 750 °C (760
to 1385 °F), where DSA occurs, the material

exhibits marked cyclic hardening prior to the

onset of failure. In this regime two slip systems
are also activated, with the deformation

substructure exhibiting much higher dislocation
densities than those revealed at 300 °C (570 °F)

and below. Between 650 and 750 °C (1200 and

1385 °F) dislocations are distributed more

homogeneously and are pinned by fine chromium-

rich carbides, leading to enhanced cyclic

hardening. Above approximately 800 °C (I 475 °F)

the tendency for cyclic hardening declines, and
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cyclicsofteningis displayedabove900 °C
(1650°F).At 900°C (1650°F}and abovedynamic
recoveryby thermally activatedclimb becomes
prominentand leadsto theformation of cells and

subgrains.

The crack initiation and propagation modes are

also found to be temperature dependent in

Haynes 188 under IX_F conditions. Below 600°C

(1115 °F) crack initiation and propagation occur

in a transgranular mode. Between 650 and 750 °C

(1200 and 1385 °F) crack propagation occurs in a

mixed transgranular plus intergranular mode,

despite the fact that the crack initiation occurs by

transcrystalline mechanisms. For specimens

fatigued above approximately 800 °C (1475 °F) the
fracture surfaces are covered with a thick

oxidation layer. At these relatively high

temperatures the apparent predominant

mechanism for crack initiation and propagation is

environmentally assisted intergranular cracking.
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Fatigue Behavior and Deformation Mechanisms
Studied in Inconel 718 Superalloy

The nickel-based superalloy Inconel 718 (IN718) is

used as a structural material for a variety of

components in the space shuttle main engines
(SSME} and accounts for more than half the total

weight of the SSME. IN718 is also the bill of

materiel for the pressure vessels of nickel-

hydrogen batteries for the space station. SSME

structural components are typically subjected to

startup and shutdown load transients and

occasional overloads in addition to the high-

frequency vibratory loads from routine operation.

The nickel-hydrogen battery cells are proof tested

before service and are subjected to fluctuating

pressure loads during operation. In both these

applications the structural material is subjected

to a monotonic load initially that is subsequently

followed by fatigue. To assess the life of these

structural components, it is necessary to

determine the influence of a prior monotonic load

on the subsequent fatigue life of the superalloy.

An insight into the underlying deformation and

damage mechanisms is also required to properly
account for the interaction between the prior

monotonic load and the subsequent fatigue

loading.

An experimental investigation was conducted to

establish the effect of prior monotonic straining

on the subsequent fatigue behavior of wrought,

double-aged IN718 at room temperature (ref. I}.

First, monotonic strain tests and fully reversed,

strain-controlled fatigue tests were conducted on

uniform-gage-section IN718 specimens. Next, fully

reversed fatigue tests were conducted under

strain control on specimens monotonically
strained in tension. Results from this

investigation (fig. I) indicated that prior

monotonic straining reduced the fatigue

resistance of the superalloy, particularly at the

lowest strain range. Some tested specimens were
sectioned and examined by transmission electron

microscopy to reveal typical microstructures as

well as the active deformation and damage

mechanisms under each loading condition (ref. 2).
In monotonically strained specimens deformation

during the subsequent fatigue loading was mainly
confined to the deformation bands initiated

during the prior monotonic straining. This
confinement can cause dislocations to move more

readily along the previously activated deformation

bands and pile up near grain boundaries, which

eventually makes the grain boundaries

susceptible to fatigue cracking. The mechanisms
inferred from the microstructural investigation

were extremely valuable in interpreting the

influence of prior monotonic straining on the

subsequent fatigue life of IN718 superalloy.
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Effects of Control Mode and R-Ratio on Fatigue

Behavior of Metal-Matrix Composites Studied

Continuously reinforced metal-matrix composites

(MMC's) are under consideration for future-

generation aeropropulsion systems because of

their high specific stiffness and strength at

elevated temperatures, Since components in

aeropropulsion systems experience substantial

cyclic thermal and mechanical loads, the fatigue
behavior of MMC's is of great interest. Almost

without exception previous investigations of the

fatigue behavior of MMC's have been conducted in

a zero-tension, load-controlled (RU = 0) mode. The
reason is that available material is typically less

than 2.5 mm (0.1 in.) thick and, therefore, unable

to withstand high compressive loads without

buckling. This testing mode may be appropriate
for MMC's to be used in aircraft skins. However,

unlike aircraft skins most engine components are

thick. Additionally, the transient thermal

gradients experienced in an aircraft engine will
impose tension-compression loading on engine

components, requiring the designer to understand

how the MMC will behave under fully reversed

loading conditions. The greater thickness of the

engine MMC may also affect the fatigue life.

Traditionally, low-cycle fatigue (LCF) tests on
MMC's have been performed in load control. For

monolithic alloys LCF tests are more typically

performed in strain control. Two reasons justify
this choice: (1J the critical volume from which

cracks initiate and grow is generally small and

elastically constrained by the larger surrounding

volume of material and (2) load-controlled LCF

tests of monolithics invariably lead to
unconstrained ratchetting and localized necking--

an undesired material response because the

failure mechanism is far more severe than, and

unrelated to, the fatigue mechanism being
studied. It is not known ff this is the proper

approach to composite testing. However, there is a
lack of strain-controlled data on which to base

any decisions. Consequently, this study addresses

the isothermal LCF behavior of a [0]32 MMC tested
under strain- and load-controlled conditions for

both zero-tension (Rts = 0) and tension-

compression (R_ = -1) loading. These tests were
run at 427 °C (800 °F) on thick specimens of
silicon-carbide-reinforced titanium- 15 wt%

vanadium-3 wt% chromium-3 wt% aluminum-

3 wt% tin (SCS-6/Ti- 15-3).

For the fully reversed tests no difference was
observed in life between the load- and strain-

controlled tests. However, for the zero-tension
tests the strain-controlled tests resulted in three

times longer life than the load-controlled tests.
The reason is that under strain control the

specimens cyclically softened, reducing the

cracking potential. In contrast, the load-controlled
tests ratchetted toward larger tensile strains,

leading to an eventual overload of the fibers.

Fatigue tests revealed that specimens tested

under fully reversed conditions had approximately

I 0 times longer lives than specimens tested under

zero tension, The fully reversed specimens had
similar, but still shorter, lives than the
unreinforced matrix material when examined on a

strain range basis (fig. l(a)). However, the

composite had a strain limitation at low life
because of the limited strain capacity of the brittle

ceramic fiber. The composite also suffered at very

high life because of the lack of apparent fatigue
limit relative to the unreinforced matrix. The value

of adding fibers to the matrix is apparent when

the fatigue lives are plotted as a function of stress

range (fig. l(b)). Here, the composite is far
superior to the unreinforced matrix because of the

additional load-carrying capacity of the fibers.

Lewis contacts: Bradley A. Lerch, (216) 433-5522; Gary R.
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Effects of Microalloying on Low-Cycle Fatigue
Behavior of Powder-Extruded Nickel

Alum/hides Investigated

There is considerable interest in developing new

structural materials in which high use

temperatures and high strength, coupled with low

density, are minimum requirements• The goal for
these new materials is to provide operational

capability well beyond the working range of

conventional superalloys. Of the many
intermetallics under consideration, nickel

aluminum (NiAl) is one of the few systems that

has emerged as a promising candidate for further

development. It has a number of property

advantages, including low density, high melting

temperature, high thermal conductivity, and
excellent environmental resistance. However,

binary NiAl lacks strength and creep resistance at

elevated temperatures. Poor high-temperature

strength also results in worse than predicted low-

cycle fatigue (I_F) life at low strain ranges at

727 °C (1341 °F) due to accelerated creep damage

mechanisms that result in significant

intergranular cracking (ref. 1). One approach for

improving these properties involves microalloying

with either zirconium (Zr) or nitrogen (hl). As an

integral part of this alloy development program
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the IA2F behavior of Zr- and N-doped nickel

aluminides produced by extrusion of prealloyed

powders has been investigated and compared with

the LCF behavior of similarly processed binary
NiAl.

The fatigue-life behavior of the various NiA1 alloys

is plotted in figure 1. The two stages in the total

strain-life plot of NiAI(Zr) result from the change
in fracture behavior from slow, stable

intergranular crack growth at strain ranges of
0.38% or less to brittle, cleavage-dominated

overload fracture above this value. At strain

ranges above 0.38% the peak tensile stress
reached the monotonic cleavage fracture stress of

the Zr-doped alloy at 1000 K (328 MPa; 47 ksi) in
less than 100 cycles, enabling fast crack growth

by cleavage. At total strain ranges of 0.38% or less

the peak tensile cyclic stress remained at a much

lower level than the tensile cleavage fracture

stress. In general, fatigue life is governed by the

ductility of the material at high strains and by its

strength at low strains. The longer lives of NiAI(Zr)

at low strain ranges result from its basic capacity

to resist the applied strains on the basis of high

strength. Both the NiAI and NiAI(N) have shorter

lives at low strain ranges because of the

synergistic interaction between fatigue and creep.
To improve the fatigue resistance of the binary

and N-doped alloys, the grain boundaries need to

be strengthened to reduce grain boundary sliding

and associated intergranular wedge cracking.

Since Zr segregates to the grain boundaries in

NiAl (ref. 2) and apparently strengthens the

boundary regions, preventing grain boundary

sliding, NiAl(Zr) does not suffer from the same

problem as the other two alloys.

Previously, it has been shown that binary NiAl

materials have superior fatigue life relative to

conventional superalloys when compared on a

plastic strain range basis (ref. 1). This holds true
for the additional NiA1 alloys studied. The problem

was that the NiAI alloys compared poorly with

superalloys on a stress range basis. However, the
current results show that even the extremely

small Zr addition (approximately 0. I at.%)

significantly improved fatigue life on a stress

range basis, approaching that of the superalloys

(fig. 2). Furthermore, although Ni-based

superalloys are highly alloyed materials, the NiAl

alloy has significant upside potential in both

strength and fatigue life by the incorporation of

higher levels of alloying additions.
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Thermomechanical Fatigue Behavior of Coated
and Uncoated Enhanced SiC/SIC Studied

Thermomechanical fatigue (TMF) testing provides

a method of evaluating continuous-fiber-
reinforced ceramic composites (CFCC's) under

thermal and mechanical loading conditions.

Although these tests are complicated, they provide
a reasonable approximation of the combined

thermal and mechanical loads to be experienced

by the material in service. These data will be used
to develop life prediction models as well as to aid

the materials development.

Previous TMF results on the silicon carbide (SIC)/

SiC composite demonstrated that enhancing the

oxidation resistance of the matrix by a proprietary

process increased TMF life (ref. 1). This

improvement allowed the continued application of
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maximum cyclic stresses at or above the level

where mlcrocracking occurs (ref. 2). In contrast,

the unenhanced composite developed microcracks

that led to rapid failure. The enhanced composite

thus has improved damage tolerance. Further

improvements in TMF life were realized by using

an oxidation-resistant coating, which also

permitted an increase in the maximum

temperature by at least 100 °C (ref. 3).

The composite with the enhanced matrix (both

coated and uncoated) cracked through the

formation of periodic microcracks. These cracks

began on the edge of the sample at interbundle

regions where only matrix material (which also

contained uninfiltrated regions) existed (fig. I).

These interbundle regions are weak, unreinforced

areas very susceptible to crack formation. This

cracking subsequently allowed oxygen to
penetrate into the interior of the composite,

leading to the formation of a glass-like phase,
which is intended to seal the cracks. However,

this phase also formed at the fiber/matrix

interface and is suspected of degrading the

strength of the fibers.

These results (fig. 2) indicate that an improvement

in the TMF behavior of the material can be gained

by improving the oxidation resistance of the

matrix and by applying an oxidation-resistant

coating. However, these improvements may only

be marginal, since the material stall suffers from

the weak interbundle regions. These regions are
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manifestations of the woven character of the

material. Also, the matrix enhancements and the

oxidation-resistant coating may be chemically

incompatible with the fibers, leading to strength

degradations during long-term tests.
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Structural Dynamics

Active Rotor Blade Tip Clearance Controlled

With Embedded Piezoelectric Layers

Controlling the clearance between the aircraft

turbine engine blade tips and the engine casing is

a vital issue in engine performance and health

monitoring in the NASA Advanced Subsonic

Technology Program. Smart structure technology
has been used to actively control tip clearance

and thus dramatically improve engine efficiency

and health-monitoring capabilities. A finite

element code has been developed to predict casing

radial displacement that incorporates the system
dynamics, smart materials, and controller. The
simulation result showed that smart structure

technology could be a simple, effective, reliable

way to actively control the tip clearance.

Variation in blade tip clearance is influenced by a
number of factors, such as blade deformations,

uneven deflections of the engine shaft, uneven
thermal distortions of blades, and unknown

factors. This research was focused on controlling

radial casing displacement by using embedded

piezoelectric layers (PZT). A smart engine casing

incorporates piezoelectric layers to transform

radial casing deformation into electrical voltage

signals (acting as sensors), a neural control

package to process those signals (the smart part),
and other piezoelectric layers to convert the

processed signals into applied forces on the

casing (acting as actuators). To simulate the
elastic deformation shape of the casing with a

l-ram (0.04-in.) thick single piezoelectric layer, we

selected the Pratt & Whitney (P&W} T2037 casing
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model.All geometricdata,material properties,
andboundaryconditionsof P&WT2037and PZT
werepluggedinto the developedfinite element
code.

Thesimulationresult (fig. 1)shows the capability

to actively induce significant radial displacement
(about 1 mm (0.04 in.) maximum] even with a

single l-mm (0.04-in.) thick PZT layer. As

compared with the thermal method currently

used by P&W, this method is advantageous
because of fast response, compensation for static

and dynamic loading, and mode shape control.

Also, this method requires very low power because

the integrated current is low and improves

reliability because it is simple and efficient. Since

this method can significantly reduce weight and

be used for tip clearance control at takeoff, cruise,

and landing speeds, fuel consumption can be

reduced by 2 to 3%.

Considering the success of the initial staged smart
structure application for controlling blade tip

clearance, future studies may address the active

control of smart engine casing with discretely

embedded piezoelectric patches for the next

generation of turbine engines.
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Shape Memory Alloy May Control Gas Turbine

Engine Blade Tip Clearances

NASA Lewis is sponsoring a research effort to

experimentally examine the feasibility of using an

innovative adaptive control technique to minimize

blade tip clearances in gas turbine engines. The

technique uses shape memory alloy (SMA; e.g.,

smart material) compensator rings. NASA Lewis

has contracted with Memry Technologies, a

recognized leader in shape memory alloys, and

Allied Signal (formerly Textron Lycoming} to

design and fabricate full-scale compressor
compensator rings and to evaluate the

performance improvements possible through

compressor performance measurements.

The compensator rings are designed and the

shape memory alloys selected to allow the rings to

reduce the operating clearances in the T-55

engine from 0.043 cm to 0.013 cm (0.017 in. to

0.005 in.), resulting in an estimated increase in

compressor efficiency of 0.3%. The compensator

ring is fabricated of a copper-aluminum-nickel

shape memory alloy whose martensitlc-to-
austenitic transformation temperature is tailored

so that as the compressor reaches operating

temperatures, tip clearances are reduced to their
minimum.

De_ocmed plot: LC=2 1-RES=1.1-P3/PATRAN R1.2-DISPLACI_MENT-MARC KS-30-Aug-94 10

400 V / -400 V / 400 V

Tip Disp = 8.479 e-4

+

Figure l.--Computer simulation of radial deformation of Pratt &
Whitney T2037 engine casing model actuated by 1-mm (O.04-in.)
thick piezoelectric layer (400 Vapplied), lip displacement,
8.479×10 -4. Figure l.--Prototype compensator ring, phase L
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Figure 2.--Engine compressor development demonstration, phase 11.

Phase I has been completed and has successfully

demonstrated the ring's ability to change
dimension at the correct rate to minimize

clearances (fig. I). The phase II contract has been

awarded to perform a detailed design of the

compensator rings, to fabricate rings for the first

four stages of the compressor, and to demonstrate

the performance improvements possible relative to

the standard steel rings used conventionally in a

T-55 compressor performance rig (fig. 2).

Lewis contact: Bruce M. Steinetz, (216) 433-3302

Engine Seal Technology Required To Meet

NASA's Advanced Subsonic Technology

Program Goals

NASA is working in close partnership with the

aircraft industry under the Advanced Subsonic

Technology (AST) Program to develop technology

to reduce operating costs, reduce noise and
emissions, and boost performance of the next

generation of commercial aircraft. To reach the

stated goals (ref. 1), significant improvements in

engine components and subsystems are required
to extract more useful work from these high-

power-denslty engines. Improving engine seal

technology shows great promise in helping engine

manufacturers reach the required reductions in

specific fuel consumption and ultimately direct

operating costs. System-level studies have

identified seals as having high benefit-to-

development-cost ratios. Advanced engine seals

show promise of reducing engine losses and

maintaining these performance benefits over the

service interval of the engine and are compara-

tively inexpensive to develop.

NASA and the Army commissioned Allison

Engines to examine two modern engines and to

identify performance benefits possible through

implementing advanced engine seals. The study
looked at a turbofan engine (AE3007) slated for

growth to meet the 89-kN (20 000-1b) thrust
requirement of the AST program and at a

turboshaft engine (T-800 study basis) with

(a) (b)

I i--,,,,I-, |

(c)

, I

Figure l.--Seal locations. (a) Compressor discharge and balance piston seal locations in face and brush seals.
(b) Turbine rim and interstage seals. (c) Blade tip clearance control.
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performancegrowthto meet the military
IntegratedHighPerformanceTurbineEngine
Technology(IHFI"ET]phase2 goals.Thestudy
(ref.2) demonstratedthat implementingadvanced
sealswithin the engine(e.g.,at the turbine rim,
the compressordischarge,and the intershaft
seals)would save2 to 5%in engineefficiency.
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Multistage Aeroelastic Program Is Based on

Two-Dimensional Euler Equations

An accurate analysis of blade row aerodynamic
interaction that includes blade structural

vibratory motion is essential for predicting both

forced response and flutter characteristics of
turbomachinery blade rows. Toward this goal a

multistage aeroelastic program, MSAP2D, was

developed. The program can be used to analyze

single or multiple rows of blades. The blade rows

can have unequal numbers of blades, and blades

can be rigid or vibrating. The required unsteady

aerodynamic forces are obtained from solving two-

dimensional Euler equations by using a finite
volume method with a combination of flux vector

splitting and flux difference splitting. The Euler

solution scheme is third-order accurate in space
and second-order accurate in time. The flow

equations are solved on one or more passage-

centered H grids. The structural model is a typical

section with bending and torsional motion degrees
of freedom for each blade in the blade rows. The

aeroelastic equations are solved by using

Newmark's method. The program has been
calibrated on two examples: a compressor in

supersonic throughflow, and the space shuttle

main engine (SSME) high-pressure fuel

turbopump (HPFTP) in subsonic flow.

For the supersonic throughflow compressor two
blade rows were considered. The front row was

designated as the rotor and moved with a speed

equal to Mach 0.10. The aft row was stationary

and was designated as the stator. The airfoils
were double circular-arc airfoils with 1%

thickness-to-chord ratio t/ c. The axial gap
between the blade rows was 20% of the chord and

the stagger angle was zero. The number of blades

was varied in each blade row. The gap-to-chord
ratio s/cwas 0.5 for rows with two blades, 0.33

for rows with three blades, and 0.25 for rows with
four blades. The free-stream Mach number was

1.5.

Figure 1 shows the variation of the aft stator's
moment coefficient when the number of blades in

the front rotor was varied from two to three to

four {i.e., 2:2, 3:2, and 4:2 blade ratios). Both the

amplitude and frequency of the moment changed
as the number of blades was increased. The

amplitude was higher because the front row's
blades were closer, increasing the cascading

effect. The frequency was different because the

aft row was seeing more blades for the same pitch
distance as the number of blades in the front row

was increased. The frequency for the four-blade-

row configuration was twice that of two-blade-row

configuration. Also (not shown here), when the
number of blades in the aft row was increased for

a fixed number of blades in the front rotor, the

amplitude of the force changed, but the frequency
of the force remained the same. The amplitude

was higher because the blades in the aft row were

closer, increasing the cascading effect. The

frequency was same because the aft row was

seeing the same number of blades in the front at

the same pitch distance. Note that the force on

the front rotor remained steady, irrespective of
the number of blades in the aft row, since in

supersonic throughflow the aft row cannot have

any influence on the front rotor.

Figure 2 shows the structural response of the
stator blade row. The structural model for each

blade (in each row) was a typical section with

pitching degree of freedom. The elastic axis was

at 30% from the leading edge. The mass ratio

was 456.2, the radius of gyratlon ra was 0.588,
there was no offset between the elastic axis and

the center of mass (i.e., xa= 0.0), the ratio of

natural frequencies in bending and torsion COh/CO_

was 0.567. The reference reduced velocity for the
time domain calculations was taken as

V* (= M, oao,/Ixoct)= 1.2.
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forces due to self-vibration induced positive

aerodynamic damping, even though the amount of

damping from the blade vibration was not
sufficient for the response to become stable.

The forcing function frequency can be moved

away from the natural frequency of the aeroelastic

system in two ways: by changing the rotor velocity

and by increasing the number of blades in the

front blade row (rotor). First, the number of blades

in the front rotor was increased, and the response

was again calculated. Figure 2 shows that the

response for the 3:2 blade ratio was stable. The

response was a typical forced response and was

no longer divergent because the frequency of the

forcing function was now away from the natural

frequency of the aeroelastic system. The same

type of behavior occurred when the rotor velocity

was increased to 0.15 from 0.10. Thus, increasing

the rotor velocity and/or increasing the number of
blades moved the frequency of the forcing

function away from the natural frequency.

The response from the 2:3 and 2:4 configurations

showed a divergent trend (not included here), as

the frequency of the force was the same as for the

2:2-blade-ratio configuration. The calculations for
the SSME HPFTP turbine also showed the

expected trends. These calculations validated the

MSAP2D program for both compressor and

turbine configurations.
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The stator blade row is now subjected to a two-

part aerodynamic force. One part is the force due
to the wake of the front blade row (as seen in

fig. I, called forcing function), and the other part
is the aerodynamic force generated by blade (sell)

vibration. Figure 2 shows the pitching response of

the stator blade row for V*=1.2 for the forcing

function given in figure 1 for the 2:2 and 3:2 blade

ratio cases. A Fourier analysis of the forcing
function for 2:2 (and also for 4:2) blade ratio

showed that it has frequencies near the natural

frequency of the aeroelastic system for V*= 1.2.

The response shows an unstable response for

V*= 1.2, as expected, due to resonance. Blade

Flutter Analysis of Rotating Blades Used Three-
Dimensional Euler Solver

Accurate analysis of unsteady airloads on rotating

blades having high sweep and operating in

transonic flow requires solution of three-

dimensional unsteady Euler equations. Therefore,
a three-dimensional structural model has been

coupled with a time-accurate, three-dimensional

Euler solver to investigate flutter of rotating

blades. The aeroelastic equations are formulated
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in normal modeand aresolvedfor flutter by using
both time domainand frequencydomain
methods.Theanalysissolvesfor instability for all
possibleinterbladephaseangles.For verification
the analysiswasappliedto the SR3C-X2propfan,
for whichexperimentalflutter dataaswell as
analysesby othernumericalmethodsare
available.

The three-dimensionalEuler equationsaresolved
by using an implicit-explicit hybrid scheme.The
schemeresults in a largesavingof central
processingunit time aswell asof memory
requirementsbecauseonly twomatrix inversions
are requiredasopposedto three for fully implicit
schemes.Thestructural analysisis carriedout by
using the normalmodeapproach,assumingthe
hub or nacelleto be rigid. This results in
structurally decouplingthe bladesfrom one
another,requiringthe modelingof only oneblade
in the analysis.At presentthe analysisis
restrictedto tuned rotorsonly. Forthe aeroelastic
analysisa steady-stateaerodynamicsolution is
first obtained.Thesteady-statesolution is then
usedto start the time domainor frequency
domainaeroelasticcalculation.

In thetime domainanalysisthe bladesare
perturbedfrom the steadystateand the combined
aeroelasticequations,aerodynamicand
structural, aresolvedin a sequentialfashion
whilemarchingin time.The responseof the
bladesto initial perturbationsis calculated.
Increasingamplitudeof the responseimplies
instability.Any numberof normalmodescanbe
includedin the analysis.Further,no knowledgeof
interbladephaseangleor flutter frequencyis
required.A singlerun is sufficient to providethe
bladeaeroelasticcharacteristicsfor the particular
flight condition.Theresponseof the bladesmay
be Fourieranalyzedto provideflutter frequency
and interbladephaseangle.

In the frequencydomainsolutionpulsevibration
and influencecoefficienttechniquesareusedto
reducethe computationaltime.This allowsfor
analysisof all frequenciesandall interblade
phaseanglesof interest. In this methodoneblade
is oscillatedin aprescribednormal mode.The
blademotionis definedby a pulse in the given
normalmode.Thepulse includessignificant
spectralcontentfor the frequenciesof interest.
Theunsteadyaerodynamicforceon all blades,
arisingfrom themotion of oneblade, is recorded
and Fourieranalyzedto providethe unsteady

aerodynamiccoefficientsfor solvingthe
aeroelasticequationin the frequencydomain.
Rootsof the equationprovidedampingand
frequency.A negativedampingimpliesinstability.
This processneedsto berepeatedfor all normal
modesof interest.

Theanalysiswasappliedto a four- and eight-
bladedSR3C-X2propfan,which showedflutter in
wind tunnel testsat free-streamMachnumbersof
0.62 for four bladesand0.60 for eightblades
whenoperatingat an advanceratio of 3.55and a
settingangleof 61.2°. Both cases were analyzed

at Mach 0.5 and 0.7 using the first three normal
modes. The blade was stable at Mach 0.5 and

unstable at Mach 0.7, as expected. Time and

frequency domain results correlated well with

each other. Similar responses were observed for
other modes as well. For the stable case (Mach

0.5) an initial perturbation rapidly increased,

followed by increasing response of other blades,

indicating an instability. Frequency domain

results obtained from the present analysis were

compared with numerical solutions obtained by

using the panel and full potential methods. The

three results compared well, as expected, as the

flow Mach number fell in the linear range. It was
also observed, from the analysis, that for exactly

the same flight conditions, the eight-bladed

propfan was more unstable than the four-bladed

one. This implies that the cascading of the blades

makes the rotor less stable (i.e., the closer the

blades are spaced, the less stable the rotor is

going to be). Both time and frequency domain

analyses showed similar behavior.
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Blade Thickness Effects on Forced Response of

Turbomachinery Blading Investigated

Turbomachinery blades operate in an inherently

unsteady environment and are subjected to
numerous excitations. Blade vibration due to

these unsteady excitations is an important cause

of fatigue in many aircraft engines and can lead to
blade failure if the endurance limit is exceeded.

These excitations cannot be removed by redesign

because they arise from the very nature of

turbomachinery operation. A frequent technique

used to overcome vibratory problems is to thicken

the blade, sacrificing some performance. The

expectation is that a thicker blade wlll respond

with lower amplitudes at resonance. In reality,
however, the effect of blade thickness on forced

response is not so simple. Larger blade thickness
influences the vibration amplitude by two distinct

mechanisms. First, it generally makes the blade

structurally stiffer. Second, it modifies the

aerodynamic flow in the blade passages. The

aerodynamic effect on the vibration response is

less obvious than the stiffening effect. The

aerodynamic effect can itself be attributed to two

mechanisms: variations in aerodynamic damping

and in excitation force amplitude. The dependence

of damping and excitation on blade thickness is

complicated by the fact that both steady and

unsteady flow are influenced by changes in

thickness. Falling aerodynamic damping levels

and rising excitation amplitudes with thickness
lead to the counterintuitive result of the thicker

blade having higher levels of stresses.

By using steady and unsteady aerodynamic
analysis methods based on the full potential

equation and structural analysis methods based

on the finite element method, we investigated the
effect of blade thickness on the aeroelastic forced

response of turbomachinery rotors. The effect of
blade thickness was considered on both

structural and aerodynamic response. For the

steady aerodynamic analysis we used the
nonconservative form of the nonlinear potential

flow equations together with an implicit, least-

squares, finite difference approximation to solve
for the steady flow field around a given isolated,

infinite cascade of identical airfoils. The unsteady

aerodynamic analysis used calculates the

unsteady aerodynamic response of a cascade of

airfoils to prescribed entropic, vortical, and

acoustic gust excitations and blade motions. The

unsteady flow is regarded as a small perturbation
of a nonuniform mean flow. This linearization

technique leads to very efficient predictions of

unsteady aerodynamic loading. The aeroelastic

analysis used calculates the dynamic stresses in

the turbomachinery blades in response to the

unsteady aerodynamic loading on the blade. The

motion-dependent and motion-independent

aerodynamic forces, respectively, provide the

aerodynamic damping and excitation on which

the dynamic stresses depend.

Test cases based on an artificial rotor were

generated (fig. 1). The test rotors were all identical
except for the thickness ratio of the blade cross

sections. The cross sections were generated from

the definitions of modified NACA four-digit-series

airfoils, except that the thickness-to-chord ratio
was varied for each rotor. Results indicated that,

for these test rotors, a reduction in aerodynamic

damping is possible for some engine-order
excitations as blade thickness is increased. Also, a

significant part of this reduction in aerodynamic

damping is due to profile effects. This result
shows that the counterintuitive behavior of a

thicker blade having larger resonant stresses can

occur in practice. In this investigation the

beneficial effects of increasing stiffness and

decreasing excitation outweighed the adverse
effects of reduced damping. Nevertheless,

turbomachinery blade designers must bear in
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Figure l.--Aerodynamic damping ratio as function of nominal

blade thickness for three angles.
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mind that redesigningturbomachinerybladesby
makingthem thicker will not necessarilysolve
forcedresponseproblems,unlessunsteady
aerodynamiceffectsare taken into account.

Lewis contacts: Durbha V. Murthy, (216} 433-6714;

George 6tefko, (216) 433-3920

Passive Vibration of Rotating Composite Plates

Reduced by Using Built-in Damping Material

An analytical and experimental research program

is in progress to investigate the use of built-in

viscoelastic damping material to passively reduce

vibrations of rotating composite fan blades. This

work is being done cooperatively on a grant by

NASA Lewis and the University of California, San

Diego. Analyses, design, fabrication, and bench

testing of the plates have been successfully

completed at the university. Spin tests will be

performed in the Lewis dynamic spin facility

during the summer of 1995. The tests are to

measure damping and natural frequencies,
evaluate different designs, and verify the proof of

concept for the spinning blades.

The proof-of-concept composite plates are simple

blade structures. Figure 1 shows the components

of a typical plate. A viscoelastic damping patch is

surrounded by a border material and sandwiched

between graphite/epoxy layers. A loose-weave E-

glass scrim cloth is embedded in the damping

material to keep the damping material from

creeping outward under the large rotational
forces.

The natural frequencies and damping levels of

nonspinning plates were measured and it was
found (1) that the bending and torsion natural

frequencies were not significantly changed by
border material and patch size, (2) that the

patches can be designed to significantly increase
damping in specific modes, (3) that a border

composed of 90 ° graphite/epoxy material

produced much higher modal damping than a

border of 0 ° graphite/epoxy material, and (4) that

the measured damping values were approximately

10 times greater than that of an undamped

composite plate.

Lewis contact: Oral Mehmed. (216) 433-6036
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High-Temperature Magnetic Bearings

Investigated for Gas Turbine Engines

A new NASA Lewis and Army thrust having

significant industry participation and being

coordinated with other Government agencies is in

magnetic bearings. The NASA/Army emphasis is

on high-temperature applications for future gas

turbine engines. Using magnetic bearings could
increase the reliability and reduce the weight of

these engines by eliminating the lubrication

system. It could also increase the DN (bearing

speed times diameter} limit on engine speed and

allow active vibration cancellation systems to be
used. The result could be a more efficient, "more

electric" engine. The Integrated High-Performance

Turbine Engine Technology (IHPTET) Program, a

joint Department of Defense/industry program,

has identified a need for a high-temperature (as

high as 650 °C (1200 °F)) magnetic bearing that

could be demonstrated in a phase Ill engine.

A magnetic bearing is similar to a electric motor.

The magnetic bearing has a laminated rotor and
stator made of cobalt steel. A series of electrical

copper wire coils wound around the stator form a

series of electric magnets around the circum-
ference. These magnets exert a force on the rotor.

A probe senses the rotor position, and a feedback

controller keeps it in the center of the cavity. The

engine rotor, bearings, and case form a flexible

structure that contains a large number of modes.

The bearing feedback controller could cause some
of these modes to become unstable. The controller

could be adapted to varying flight conditions to
minimize seal clearances and to monitor the

health of the system. Cobalt steel has a Curie

point greater than 925 °C (1700 °F), and copper

wire has a melting point beyond that. Practical
limitations associated with the maximum

magnetic field strength in the cobalt steel and the

stress in the rotating components limit the

temperature to about 650 °C (1200 °F).

The objective of this effort is to determine the

limits in temperature and speed of a magnetic

bearing operating in an engine environment. Our

approach is to use our in-house experience in

magnets, mechanical components, high-

temperature materials, and surface lubrication to
build and test a magnetic bearing. Rig and engine

tests will be done in-house or through cooperative

programs in industrial facilities.

During the last year we have made significant
accomplishments. We have a cooperative program

with Allison Engine to work on a high-

temperature magnetic thrust bearing. During this

program we uncovered a problem with the

conventional design of the magnetic thrust

bearing. Because the thrust bearing is not

laminated, eddy currents severely reduce the
bandwidth. Also, we have worked at Allison to

bring their high-temperature magnetic bearing rig

to full speed. We have predicted both in-house

and Allison magnetic bearing rig stability limits.

We have performed tests on a high-temperature

displacement probe. Our flexible casing rig is

being converted to a high-temperature magnetic

bearing rig. Testing should start next year.

Our plan is to develop a high-temperature,

compact wire insulation and to fiber reinforce the
core lamination to operate at higher temperature

and DN values. We plan to modify our stability

analysis and controller theory by including a

nonlinear magnetic bearing model. We are

developing a controller that has an expert system
to adaptively change the controller with changing

flight conditions and to diagnose the health of the

system. Then, we will demonstrate the bearing on

our rotor dynamics rig and finally in an engine
test.

Lewis contact: Albert F. Kasc&k, (216) 433-6024
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Performance of Power-Saving Magnetic Bearing

Controls Analyzed

Most magnetic bearing control schemes use a bias
current with a superimposed control current to

linearize the relationship between the control
current and the force it delivers. For most

operating conditions the existence of the bias

current requires more power than alternative
methods that do not use conventional bias. With

bias current, even in no-load conditions, there is

always some power consumption.

Three alternative methods were examined that

reduce electrical power loss: the zero bias method,

the pseudozero bias method, and the adaptive
variable bias method. These methods are not new

methods for rotordynamic control but rather are

modifications to the magnetic bearing operating

mode, resulting in a more efficient control
actuator. The methods were analyzed for their

potential to save power as well as to produce a

commanded force, in comparison with the

conventional bias mode. Analytical, simulated,

and experimental results were obtained. The

analytical and simulated results are in good

agreement with one another and are sufficiently

validated by the experiments. All methods were

compared and ranked according to their power
loss and actuator performance tradeoff results.

The zero bias method used the least amount of

power for operation, followed by the pseudozero

bias method, the adaptive variable bias method,

and lastly the conventional bias method. All

proposed methods used less power for a
commanded force than the conventional bias

method (see fig. 1). As force command levels

approached the maximum force level, the adaptive

variable bias method used as much power as the
conventional bias method, but the zero bias and

pseudozero bias methods were more than 30%

better. Only the adaptive variable bias method

was comparable to the conventional bias method

at producing a commanded force. The zero bias

method accurately produced the desired force

only for low commanded force levels with the

pseudozero bias method being effective in the low-

to-middle command force range. The adaptive
variable bias method was the best of the proposed

methods based on a performance calculation that

involved power, force, and phase components,

proving it to be the method of choice.

The analytical work used the one-dimensional net
force equation for a single magnetic bearing axis.

The computer simulation was performed using

Maflab/Simulink simulation software on a

microcomputer. The experiment involved a

magnetic bearing apparatus and supporting

electronics. The magnetic bearing apparatus

included a flexible shaft, two magnetic bearings,
various disks used for rotational inertias, and a

motor. Only one magnetic bearing was used for

control purposes. The shaft was nonrotating.

Lewis contact" D. Johnson, {216} 433-3306
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Figure 1.--Analytical, simulated, and experimental nondimensional
power per cycle versus nondimensional force for conventional bias,
adaptive variable bias, zero bias, and pseudozero bias operating
methods. (a) Analytical. (b) Simulated. (c) Experimental.

52



Lubrication of Space Systems Studied

The space age brought with it many lubrication

challenges that had not been experienced in the

past, such as exposure to extremely low ambient

pressures, radiation, atomic oxygen, and

meteoroids, the absence of a gravitational field,

imposed weight limitations, contamination by

vapors, and the use of mechanical components
that were not maintainable. The challenges for

future spacecraft appear to be even greater
because missions are being planned that will

require mechanisms to last much longer. For

example, the original design life for the space

station was 30 years. Although we would like a

space station to last 30 years, a 30-year,
maintenance-free life may not be attainable

because most mechanisms do not last that long

on Earth without regular maintenance. The only

mechanism with a long maintenance-free life that

comes to mind is a refrigerator compressor. Other

ventures such as long-lived Earth-orbiting

spacecraft, lunar surface missions, and planetary

surface missions are being planned that will

require systems not only to have long,
maintenance-free lives but be capable of operating
under extreme conditions. On the Moon

mechanical equipment will have to operate from
181 to 111 °C (355 to 235 °F), in a vacuum of

1012 tOrT, and under extremely dusty conditions.

On Mars mechanisms must operate over wide

temperature variations, in a low-oxygen

atmosphere, in gusty winds, and in a dusty,
corrosive environment.

In 1986 Kannel and Dufrane of Battelle

Laboratory studied past and projected tribological

problems in space. Figure 1 is a qualitative chart

that illustrates the results of that study. Despite

significant advances in tribology the demands on

tribology for future space missions were projected

to grow faster than the solutions. A Lewis study
was conducted to determine if the state of the

practice had improved since 1986 and to
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documentthe results.In general, it was

concluded that the technology has not

significantly advanced. A paper was written to
document the current state of the art and the

lubrication techniques used today and in the past

(ref. 1). Some advantages and disadvantages of

the various trlbological techniques are discussed.

In addition, tribology challenges for future NASA

space missions are examined.

Reference

1. Fusaro, R.L.: Lubrication of Space Systems. NASA TM-

106392, 1994.
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Wheel Abrasion Experiment Designed
and Tested

The Microrover Flight Experiment will be delivered

by the Mars Environmental Survey Pathfinder to

the surface of Mars in July 1997. The rover will

have experimental apparatus onboard to analyze

soft chemistry and abrasiveness and the size and

quantity of airborne dust. The wheel abrasion

experiment (WAE), replacing one of the six wheels
on the rover, will characterize the abrasiveness of

Martian soft on metal coatings (platinum and

aluminum). A photocell will measure the intensity

of the reflected light from the metal coatings; as

the metal coating wears revealing the black

substrate, the reflected light decreases.

A ground test cell has been designed and built to

test the WAE, housed within a 61-cm-diameter by

61-cm-long (24 by 24 in.) vacuum tank. A

mechanical pump and a diffusion pump are used

before backfilling the tank with Martian

atmospheric simulant to 700 Pa (7 mbar). A

variable-speed motor, external to the vacuum,

drives the wheel through a rotary feedthrough in

the chamber wall. The wheel rotates in place,

turning an annular horizontal turntable filled with
Martian soft simulant to 15-mm (0.6-in.) depth

(fig. 1). The load on the wheel was

counterbalanced to 500 g (1.1 Ib). Not shown in

figure 1 are a xenon arc lamp, providing the

collimated light source through a quartz window,

and an electrostatic probe to measure wheel

charging.

Two wheels are available for testing, the test wheel

(as shown in fig. I) and the flight wheel (fig. 2).

Thirty-two metal coupons are attached to the test

wheel by screws in a unique pattern for coupon

identification. The flight wheel is the flight design
for the rover. The metal coupons on the flight

wheel are to be glued between the rows of spiked
cleats.

The flight wheel was rotated at rover wheel speeds

(0.6 to 1.2 rpm) to assess the effects of
electrostatic charging. The dust attracted to the

wheel reduced the reflected intensity of the metal

coupons by about 60%. To reduce the

electrostatic charging, two types of discharge

point were attached to the wheel, a point

0.0025 cm (0.001 in.) in diameter and a point

0.0002 cm (0.00008 in.) in diameter. The steady-

state electrostatic voltage of the wheel was

reduced by about 18 V with either point (fig. 3).

The electrostatic charging of the simulant was

measured by reorienting the probe. The

magnitude of the voltage was about the same as
for the wheel but the sense was opposite. The

capacitance of the wheel was measured in the

Martian atmosphere, and electrostatic voltage was

used to find the charge on the wheel. Field

strength at the discharge point was estimated

from the charge. Ongoing tests will calibrate the

rate of coupon coating wear when in contact with
several different Martian soil simulants.

Lewis contacts: Mark 6iebert, (216) 433-6012; Doughus A.

Rohn, (216} 433-3325

54



Figure I.--WAE test fixture showing test wheel and turntable in vacuum tank.

Figure 2.--Flight wheel without metal coupons attached.
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Figure 3.--Steady-state electrostatic voltage of flight wheel as

function of type of discharge point. Wheel load, 500 g (1.1 lb );

Martian simulant atmosphere, 700 Pa (7 mbar).
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Figure 1.--Two stators, bias coil, external flux tube, and shaft with two sets of rotor laminations
for cryogenic, high-load, homopolar magnetic bearing.

High-Load and Active High-Temperature

Superconducting Magnetic Bearings Tested

High-load bearing.--A high-load, homopolar

radial bearing (fig. I) was tested in liquid nitrogen.

In initial tests it produced 3600-N (800-1b) load in

its linear range, far exceeding the 1600 N (350 Ib)
for previous bearings of the same external size

(13.3-cm-outside-diameter, 11.4-cm-long, and

7.6-cm-inside-diameter journal; 5.25 by 4.5 by 3

in.). A maximum load in nonlinear operation of

5100 N (I 150 Ib) was reached for single-axis force,

and with two axes active the bearing produced a
resultant force of 6400 N (1440 Ib). The increased

load was due to tapered monolithic stator poles

with improved coverage of the journal and a lower

reluctance axial flux path.

Active superconducting bearing.--A high-

temperature-superconductlng (HTS), active

magnetic bearing was designed and fabricated,

using coils manufactured by two HTS vendors.

This proof-of-feasibility demonstration showed

that HTS coils can be used in a high-load, active

magnetic bearing in liquid nitrogen. We found that

HTS coils can operate stably with ferromagnetic

cores in a feedback-controlled system at a current

density similar to that in copper at liquid nitrogen

temperature. The homopolar radial bearing (fig. 2)

produced over 890-N (200-1b) radial load

(measured nonrotating) and supported a shaft to
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14 000 rpm. Design compromises permitted use

of circular coils with rectangular cross section.

Conductor improvements will eventually permit

cot shape optimization, higher current density,

and higher bearing load capacity. The bias cot,
wound with nontwisted, multifilament HTS

conductor, required negligible power to carry its
direct current. The control coils, wound with

Figure 2.--Stator of homopolar magnetic bearing with high-
temperature-superconducting bias and control coils.



monofllament HTS sheathed in silver, dissipated

negligible power for direct current (i.e., for steady

radial load components), even with superimposed

alternating current (AC). The AC component,

however, dissipated power, which increased

rapidly with frequency and quadratically with AC

amplitude. The results show that twisted
multifilament conductor is not needed for stable

levitation. However, twisted multifilaments will be

required to reduce control power for sizable

dynamic loads, such as those due to unbalance.

Lewis contact: Gerald V. Brown, (216) 4336047

Electromagnet-Biased Homopolar Magnetic

Bearing Tested

An electromagnet-biased, radial homopolar

magnetic bearing was tested on the bench and in

a rotating rig at room and liquid nitrogen

temperatures. The bearing had most parts in

common with a permanent-magnet-biased bearing

previously tested and reported, but the midplane

permanent magnet was replaced with an

electromagnet and an external axial flux tube, all

within the original bearing envelope.

Bench tests showed that, because of heat transfer

limits, the electromagnet cannot match the bias

field produced by the permanent magnet at room
temperature. However, when submerged in liquid

nitrogen the electromagnet-biased coil can

produce a higher bias field than the permanent

magnet.

Hall probe measurements showed substantial

hysteresis of the field in the gap due to the iron-

cobalt stator and rotor laminations, raising

questions of phase lag and closed-loop

controllability for this and other iron-cobalt core

bearings that control current rather than field or
flux. Transfer functions between control current

and gap field and between control current and gap
flux showed considerable phase lag at 100 to

I000 Hz, due mainly to eddy currents, and low-

frequency phase lag due to the hysteresis.
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Figure I.--Cryogenic magnetic bearing test rig with electromagnet bias coil.
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Biasstiffness,actuatorgain, andclosed-loop
stiffnessand stability wereall comparableto
thoseof the permanent-magnet-biasedbearing.
Rotatingtests to 14000 rpm showedcomparable
behavioraswell. Maximumsteadyradial load
levelswith onebearingaxisactivewerenearlythe
sameasfor the permanent-magnet-biasedbearing
(approximately2200N (500Ib).

Aswith the permanent-magnet-biasedbearing
therewereaxisinteractioneffects.For a given
controlcurrent and forceon oneaxis,an increase
in controlcurrent and force on the second axis

reduced the force on the first axis. A maximum

load of 3000 N (680 Ib) was measured in the

diagonal direction between axes with both axes

energized.

At liquid nitrogen temperature greater

nonlinearity of the eddy-current position probes

reduced data quality somewhat relative to room-

temperature results but did not affect

performance noticeably.

mbUography
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New Method Developed for AeroelasUc

Stability Analysis

The development of advanced-design, ultra-high-

bypass-raUo engines has led to renewed interest

in the study of bladed-disk flutter. Previously, two
fundamental approaches have been used in flutter

calculations: frequency domain analysis and time

domain analysis. With the development of time-

marching computational fluid dynamics flow
solvers, both approaches have been used with

equal ease. We have achieved substantial

computational savings by applying a numerical

eigensolver to a nonlinear, time-marching, fluid-
structure interaction system solver for flutter

prediction.

The numerical eigensolver works with the steady-

flow solution to determine the eigenvalues and

eigenmodes corresponding to a fluid-structure

interaction system directly. It does not require a

time history of forces on blades and subsequent
Fourier transformation to determine stability.

Also, it avoids computationally expensive time

domain simulations of small-perturbation

responses, where several oscillation cycles are
required to determine the growth or decay of

perturbations. The computational savings due to

this new method over the existing frequency and
time domain nonlinear methods are on the order

of 100 to 10 000. However, note that this is

fundamentally a small-perturbation (linear)

aeroelastlc analysis, although steady-flow
nonlinearities are taken into account (i.e., blade

thickness, blade camber, shock waves, etc.).

We applied a numerical eigensystem solver, based

on a Lanczos procedure, to a two-dimensional,

full-potential cascade aeroelastic solver.

Calculations were performed for a cascade

geometry used in previous research, where
frequency and time domain flutter calculations

were performed. The steady solution was first

obtained, as required in all such calculations.

Then, the numerical eigensystem solver was used

to calculate eigenvalues.

The eigenvalues obtained from this new approach

indicate whether the aeroelastic system is stable

or unstable. Comparing the results from this

approach with those from exisUng flutter
determination methods shows that the new

approach predicts the correct flutter condition. It

shows good agreement in flutter speed and flutter
mode.

SAMPLE FLUTTER RESULTS FROM FULL-

POTENTIAL AEROELAS_C CODE

[All values are nondimensional.]

Flutter

parameter

Frequency

Velocity

Frequency
domain

0.265

1.768

Time
domain

0.262

1.761

New

method

0.239

1.630
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The numericaleigensystemanalysisresults in
substantial computer time savings relative to the

frequency and time domain solutions. It will allow

the use of nonlinear, time-marching solvers in

routine aeroelastic design analysis. Because of the

modular nature of the numerical eigensystem

solver, it can be readily adapted to other time-

marching aeroelastic solvers with minimal

additional effort required on the researcher's part.
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Users Guide Published for FPCAS2D, a Two-

Dimensional Full-Potential Aeroelastic Solver

The FPCAS2D computer code has been developed

for aeroelastic stability analysis of bladed disks,
such as those in fans, compressors, turbines,

propellers, or propfans. A users guide has been

written to help the user prepare the input data file

required by the FPCAS2D code.

In the users guide the input data are completely

described. In addition, inputs and outputs are

given for four examples from published papers.

Detailed explanations of the aerodynamic

analysis, the numerical algorithms, and the

aeroelastic analysis are not given. Instead, the

reader is directed to specific references that deal
with each of these items.

The aerodynamic analysis used in this code is

based on the unsteady, two-dimensional, full-

potential equation. This equation is solved for a

cascade of blades. A finite volume approach is

adopted and a Newton iteration method is used to

solve the nonlinear problem as a series of linear

problems at each time step. The structural

analysis is based on a two-degree-of-freedom,

rigid, typical section model for each blade. Either
a frequency domain or a time domain flutter

analysis is possible with this code. The

development of the time domain flutter analysis

for cascades and the pulse response and influence
coefficient method for cascades is described in the

papers referenced in the users guide.
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Structural Integrity

Acoustro-Ultrasonics and Fiber Features

Studied in Metal-Matrix Composites

Advances in the processing and fabrication of

metal-matrlx composites require appropriate
mechanical and nondestructive testing methods.
These methods are needed to characterize

properties, assess integrity, and predict life of

engine components, such as compressor rotors,
vanes, and blades. In order to interrogate local

rather than global features in metal-matrlx

composites, the collected ultrasonic waveforms

are limited to those that only pass through the

region between the sending and receiving

transducers. For example, for titanium alloys
reinforced with silicon carbide (SCS-6) fibers the

10- to 20-_sec range of the acousto-ultrasonic

signals need be studied.

Signals were collected with pairs of 5.0-MHz

transducers. The higher frequency portion of the

spectrum was sensitive to fiber features, as

illustrated in figure 1 for a unidirectional SCS-6/
titanium-15 wt% vanadium-3 wt% chromium-

3 wt% aluminum-3 wt% tin (Ti-15-3) panel.

Scatter, due to variations in coupling conditions,

was minimized by calculating the fraction of the

area of the magnitude spectrum that is contained

between 2 and 3 MHz. This fraction is plotted

against orientation with respect to fiber direction.

This portion of the spectrum was strongly

dependent on the SCS-6 fibers for propagation.

This same type of data was collected on SCS-6/

Ti-6AI-4 rings, which are of significance in

aerospace design. The 2- to 3-MHz fractions of the

I0- to 20-_sec signals are displayed in figure 2 for

circumferentially collected data on the fiber-

reinforced region ([0] to the fiber direction) and

also on the fiber-free Ti-6-4 inner margin. Data on

the fiber-reinforced region were strongly

dependent on ring position. The value at 220 °,
which is in the midst of the visible cracked region,
is almost as low as the value on the Ti-6-4

margin. This result implies that loss of integrity at

the crack is paralleled by loss of ability to

propagate higher frequency ultrasound. This

phenomenon is being studied as a possible

monitor of fiber/matrix integrity for metal-matrix

composite systems.

Lewis contact: Harold E. Kautz, (216} 433-6015
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Nonuniformly Thick Polymer-Matrix

Composites Analyzed Ultrasonically

Nonunfformity in polymer-matrix composite parts

must be accurately characterized with regard to

microstructural nature and severity and its

resulting effect on physical properties. Only then
(I) can a decision be made on whether such a part

is unacceptable for further processing, testing, or

application; (2) can the processing steps

responsible for the nonunfformity be pinpointed
and modified; and (3) can nondestructive

evaluation (NDE) procedures be implemented,

allowing quality decisions to be based primarily
on nondestructive characterization.

In recent studies PMC materials were periodically

identified. Although they appeared optically

uniform, they contained a higher-than-normal

level of global nonuniformity as indicated from
preliminary ultrasonic C-scanning. One such

panel was thoroughly examined by both NDE and

destructive methods to quantitatively characterize

the nonunfformity. The NDE analysis of the panel

was complicated by the panel's nonuniform

thickness, a common condition resulting from
PMC manufacture. Because conventional

ultrasonic C-scan results are affected by both
thickness and microstn_ctural variation, a novel

NDE approach was required to determine whether

a microstructural gradient existed in addition to
the thickness variation.

This approach (fig. 1) required mapping of

ultrasonic velocity across the panel in conjunction

with an error analysis of the velocity mapping

procedure. It revealed (1) that a microstructural

(density) gradient, in addition to the thickness

Ultrasonic C-scan Ultrasonic

velocity

map

• Average velocity trend with error

analysis confirms microstructural gradient

• X-Radiography did not reveal micro-

structural gradient due to competing
thickness effects

High Intermediate Low
attenuation attenuation attenuation

4, 4, 4,

% Porosity = 1%% Porosity = 3%

Optical

micrograph

% Porosity = 0%

Figure 1. lnhomogeneity of nonuniforrnly thick PMC's as characterized by ultrasonic analysis at NASA Lewis.
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variation, did indeed exist in the panel and (2)

that the percentages of velocity variation revealed

in the velocity map that are assignable to
thickness and microstructural variation can be

estimated. Ideally, an ultrasonic imaging method
that eliminates thickness variation effects would

be desired. NASA Lewis and Sonix, Inc., of

Springfield, Virginia, are involved in the
development and commercialization of such a
method.

Lewis contact: Don J. Roth, (216) 433-6017

component shape and service environment

require extensive numerical computational

capabilities. CARES/CREEP incorporates damage
mechanics with ANSYS finite element transient

analysis to predict tlme-dependent material

deformation and damage accumulation. CARES/

LIFE combines multldisciplinary research in

fracture mechanics and probabilistic modeling to

determine the reliability of a monolithic ceramic

component as a function of time in service.

CARES/LIFE enables the design engineer to

assess the risk of fracture from various competing

failure mechanisms, including flaws introduced

t Appliedstress

Ceramics Durability Evaluation Software

Predicts Useful Life of Components in Creep

and Fatigue

Significant improvements in aerospace and

terrestrial propulsion and power generation for

the next century will require revolutionary

advances in high-temperature materials and

structural design. Advanced ceramics are

relatively abundant materials that offer lighter

weight and greater capacity to sustain loads at

higher use temperatures than metals. However,

ceramics are inherently brittle and have very low
strain tolerance, low fracture toughness, and large

variation in fracture strength caused by the
variable size and random distribution of flaws.

Ceramics also exhibit tlme-dependent degradation

of load-carrying capability due to stress corrosion

cracking, effects of elevated temperatures, cyclic

fatigue, and creep. Successful application of

advanced ceramics depends on proper
characterization of material behavior and the use

of an appropriate design methodology. This has

been accomplished with the Ceramics Analysis

and Reliability Evaluation of Structures fatigue

life (CARES/LIFE) and forthcoming creep llfe

(CARES�CREEP) integrated design computer

programs.

Designing ceramic components requires
specialized knowledge of statistics and fracture

mechanics. Design accommodations for any given

Rexure

bar

/
Grinding

direction

5o

90
"-" 80

2OO _5o 3'o0 3'5o 4'oo .Lso

PRACTURE STRESS (MPa)

Figure 1.--Predicted versus experimental sensitivities of failure

probability of unidirectionally ground ceramic relative to various

loading orientations.
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from finishing (grinding) operations, and to
determine overall failure probability of a
component over its life.

CARES/LIFE has been distributed to more than
75 U.S. companies for use in an extraordinarily
wide array of product designs ranging from
aerospace components to medical implants. It is
the only public domain computer program of its
kind available in the United States today. This
technology applies to advanced ceramic materials
(fig. 1), including silicon nitrlde and silicon
carbide, and other brittle materials, such as glass

and graphite. Many commercial products, such as
turbocharger rotors, rocker arm pads, cam
followers, poppet valves, radiant heater tubes,
heat exchangers, and prototype ceramic turbines,
are designed using this software. In addition,
CARES/LIFE is used to design large infrared
transmission windows, glass panels for
skyscrapers, ceramic packaging for
microprocessors, cathode ray tubes (fig. 2), and
even ceramic tooth crowns and knee caps. The
picture tube is in commercial production, and

$1.5 million has been saved per year by using
CARES/LIFE to optimize the design. Because of
this demonstrated success CARES/LIFE won the
first NASA Software of the Year Award for 1994.
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Figure 2,--Stress analysis of 27-in. television picture tube using CARES/LIFE.
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X-ray Computed Tomography Monitors Damage

in Composites

The Presidential Initiative in aeronautics and

manufacturing identified critical technologies for

solving key issues in materials and manufac-

turing. These technologies include high-quallty

processing of composites, rapid prototyping and

reenglneering, on-line sensors, and feedback

controllers. The imperative is to reduce new

product development cycle times and integration

of new techniques, such as computed tomography

(CT), smart materials with in-situ sensors, and

controls. In this context CT can provide rapid

reengineering and cost-effective prototyping.

Lewis recently codeveloped and installed a state-

of-the-art x-ray CT facility (designated SMS
SMARTSCAN model 100-I 12 CITATM). This

multipurpose, modularized, digital, x-ray facility

includes an imaging system for digital

radiography, CT, and computed laminography.

The system consists of a 160-kV microfocus x-ray

source, a solid-state charge-controlled device

(CCD) area detector, a five-axis object positioning
subassembly, and a Sparc-based computer

system that controls data acquisition and image

processing. The x-ray source provides a beam spot
size down to 3 mm (0.00012 in.). The area

detector system consists of a 50- by 50- by 3-mm-

thick (0.002 by 0.002 by 0.12 in.), terbium-doped,

glass fiber optic scintillation screen; a right-angle

mirror; and a scientific-grade, digital CCD camera.

The camera has a resolution of 1000 by 1018

pixels and 10-bit digitization at ambient cooling.

The digital output is recorded with a high-speed,

16-bit frame grabber that allows binning of data.

The detector can be configured to provide a small
field of view (SFOV) approximately 19 by 19 mm

(0.75 by 0.75 in.) in cross section or a larger field

of view (LFOV) approximately 45 by 45 mm (1.77
by 1.77 in.) in cross section. The SFOV is used

whenever the highest spatial resolution is desired;

Fiber-carbon core

debonding Fiber-pulh_u!

Figure 1.--Computed tomography of engine-tested vane.
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the LFOVis usedfor largersampleswith some
reductionin spatial resolution.

This CT system demonstrated excellent resolution

at 20 line pair per millimeter (Ip/mm) (25 mm)
with 20 to 40 % modulation in the SFOV mode,

and 10 Ip/mm (50 mm) with 50 to 70 %
modulation in the LFOV mode. CT capabilities

included fiber detecting, fiber-matrix debonding,

fiber pullout in a [0] 5 silicon carbide/reaction-
bonded silicon nitride (SiC/RBSN), and fiber-

matrix debonding and the carbon core of oxidized

SiC fibers in a engine-tested vane (fig. 1). CT

evaluation of thermally cycled carbon/SiC

revealed preexisting porosity, internal

architecture, cracking, coating degradation, and
loss of SiC materials.

The NASA Lewis CT facility can characterize

critical manufacturing problems and compare as-

designed with as-built metal-matrix composite

engine subcomponents (rotors and rings). The

facility was developed to provide rapid

reengineering and to reduce new product

development cycle times. Lewis is cooperating

with industry to transform the CT technology from
a nondestructive evaluation tool to a manufac-

turing and structural quality improvement tool for

in-process modeling, structural modeling, and
product safety assurance.

Bibliography

Baaklini, G.Y; and Engler, P.: Analysis of Ceramic Components

by Computer Tomography. Invited paper to the American

Ceramic Society Pacific Coast Regional Meeting, Los Angeles,

Oct. 19-22, 1994.

Baaklini, G.Y.; Engler, P.; CasteUi, M.G.; Bhatt, R.T.; Rauser,

R.W.; and Eckel, A.J.: X-Ray Computed Tomography at

LeRC--NDE of HiTEMP Composites. Proceedings of the 7th

Annual HiTEMP Review, NASA CP-I0146, 1994, pp. 32-1 to

32-12.

Baaklini, G.Y.; Engler, P.; Yancey, R.N.; Bhatt, R.T.; Fohey,

W.R.; and Rauser, R.W.: CT Characterization of MMC and CMC

Engine Subcomponents. Proceedings of the 7th Annual

HiTEMP Review, NASA CP-I0146, 1994, pp. 34-1 to 34-1 I.

Fohey, W.R.; Bhatt. R.T.; and Baaklini, G.Y.: Burner Rig,

Stressed Oxidation and Engine Test Results of SCS-6/RBSN

Composites. Proceedings of the 7th Annual HiTEMP Review,

NASA CP-I0146, 1994, pp. 21-1 to 21-12.

Hsu, D.K.; Liaw, P.K.; and Baaklini, G.Y.: Comparison of NDE

Results and Correlation With Microstructural CharacterisUcs

of NiFeAI/W. ASME 94-GT-489, June 1994.

Hsu, D.K,; He, L.X.; Basart, J.P,; Liaw, P.K.; and Baaklini,

G.Y.: Some Results on the NDE of Metal Matrix Composites.

Review of Progress in Quantitative Nondestructive EvaluaUon

(QNDE), D.O. Thompson and D.E. Chimenti, eds., Vol. 14B,

Aug. 1994, pp. 1367-1374.

Rokhlin, S.I.; Chu, Y.C.; and Baaklini, G.Y.: Assessment of

Damage in Ceramics and Ceramic Matrix Composites Using

Ultrasonic Techniques. ASME Paper 94-GT-228, 1994.

Rokhlin, S.I.; Chu. Y.C.; Baaklinl, G.Y.; and Bhatt, R.T.:

Ultrasonic Characterization of Interphasial Stiffness and

Oxidation in SiC/RBSN Composites. Proceedings of 7th Anual

HiTEMP Review, NASA CP-10146, 1994, pp. 22-I to 22-11.

Rokhlin, S.I.; Chu, Y.C.; Baakiini, G,Y.; and Bhatt, R.T.:

Ultrasonic Assessment of Oxidation Damage in SiC/RBSN

Composites. Ceram. Eng. Sci. Proc., vol. 15, no. 5. 1994,

pp. 1164-1173.

Roth, D.J.; Baaklini, G,Y.; Sutteer, J.K.; Bodis, J.R.;

Leonhardt, T.A.; and Crane, E.A.: NDE Methods Necessary for

Accurate Characterization of Polymer Matrix Composite

Uniformity. Proceedings of 7th Annual HiTEMP Review, NASA

CP-10146, 1994, pp. 11-1 to 11-15.

Lewis contact: George Y. Baakl/ni, (216) 433-6016

65



Bibliography

Arnold, S.M.; Saleeb, A.F.; and Castelll, M.G.: A Fully

AssociaUve, Nonlinear Kinematic, Unified VlsceplasUc Model

for Titanium-Based Matrices. NASA TM-106609, 1994.

Arnold, S.M.; Saleeb, A.F.; and Castelll, M.G.: A Fully Associa-

Uve, Nonisothermal, Nonlinear Kinematic, Unified Viscoplastic

Model for Titanium Alloys. NASATM-106926, 1994.

Arnold, S,M.; Writ, T.E.; and Pindera, M.J.: Influence of Fiber

Architecture on the Elastic and Inelastic Response of Metal

Matrix Composites. NASA TM-106705, 1994.

Baaklini, G.Y; and Engler, P.: Analysis of Ceramic Components

by Computer Tomography. Invited paper to the American

Ceramic Society Pacific Coast Regional Meeting, Los Angeles,

Oct. 19-22, 1994.

Baaklini, G.Y.; Engler, P.; Castelli, M.G.; Bhatt, R.T.; Rauser,

R.W.; and Eckel, A.J.: X-Ray Computed Tomography at

LeRC--NDE of HfrEMP Composites. Proceedings of the 7th

Annual HiTEMP Review, NASA CP-10146, 1994, pp. 32-1 to

32-12.

Baaklinl, G.Y.; Engler, P.; Yancey, R.N., Bhatt, R.T.; Fohey,

W.R.; and Rauser, R.W.: CT Characterization of MMC and CMC

Engine Subcomponents. Proceedings of the 7th Annual

HiTEMP Review, NASA CP-10146, 1994, pp. 34-1 to 34-11.

Bakhle, M.A.: FPCAS2D Users Guide, Version 1.0. NASA CR-

195413, 1994.

Belegundu, A.D.; Murthy, D.V.; Salagame, R.R.; and Constans,

E.W.: Multi-Objective Optlmization of Laminated Ceramic

Composites Using Genetic Algorithms, Presented at the 5th

Symposium on Multidisciplinary Analysis and Optimization,

Panama City Beach, FL, Sept. 7-9, 1994.

Bonacuse, P.J.; and Kalluri, S.: Cyclic Axlal-Torsional Defor-

mation Behavior of a Cobalt-Base Superalloy. Cyclic Deforma-

tion, Fracture and Nondestructive Evaluation of Advanced

Materials Symposium, ASTM STP-1184, Vol. 2, M.R. Mitchell

and O. Buck, eds., American Society for Testing and Materials,

Philadelphia, PA, 1994, pp. 204-229.

Brown, G.V.: Tests of an Electromagnet-Biased Homopolar

Magnetic Bearing. Advanced Earth-to-Orbit Propulsion

Technology--1994, R.J. Richmond and S.T. Wu, eds., NASA

CP-3282, Vol. If. 1994, pp. 385-394.

CasteUi, M.G.; and Lei, J.-F.: A Comparison Between High

Temperature Extensometry and PdCr-Based Resistance Strain

Gages With MulUple Application Techniques. Proceedings of

the 7th Annual HfrEMP Review, NASA CP-10146, Vol. If,

1994, pp. 36-1 to 36-12.

Chamis, C.C.; Liaw, D,G.; and Singhal, S.N.: Long-Term

Behavior of Polymer Matrix Composites. Proceedings of 39th

International SAMPE Symposium and Exhibition, 1994, pp.

2820-2828.

Chamis, C.C.; Murthy, P.L.N.; Singhal, S.N.; and Reddy, E.S.:

Ice-lmpact Analysis of Blades. Presented at the Propulsion and

Energetics Panel, AGARD--CP-558, 1994.

Chamis, C.C.; and Shiao, M,C.: Integrated Probabrilstic

Composite Design, A Proposed New Approach. Proceedings of

39th International SAMPE Symposium and Exhibition, 1994,

pp. 2806--2819.

Chamis, C.C.; and Singhal, S,N.: Coupled Multidiseipline

Analysis Methods for Advanced Propulsion Systems. AIAA

Paper 94-3094, 1994.

Chamis, C.C.; and Singhal, S.N.: Probabilistic Simulation of

the Human Factor in Structural Reliability. NASA TM-106498,

1994.

Davy, D.T.; Saravanos, D.A.; Hopkins, D_a,.; and Chamis, C.C.:

Numerical Optimization and Composite Modeling Techniques

Applied to Orthopedic Implants. Proceedings of 39th Interna-

tional SAMPE Symposium and Exhibition, 1994, pp. 1992-
2003.

Ferri. R.; and Pereira, J.M.: Strength and Stiffness Properties

of Graphite/Epoxy Laminates With Interlaminar Damping

Layers. Proceedings of the 39th SAMPE Symposium, 1994, pp.
2544-2551.

Fohey, W.R.; Bhatt, R.T.; and Bazklini, G.Y.: Burner Rig,

Stressed Oxidation and Engine Test Results of SCS-6/RBSN

Composites. Proceedings of the 7th Annual HiTEMP Review,

NASA CP-10146, 1994, pp. 21-1 to 21-12.

Fusaro, R.L.: Lubrication of Space Systems. NASA TM-106392,

1994.

Generazio, E.R.; and Chamis, C.C.: Technology Benefit

Estimator for Aerospace Propulsion Systems. AIAA Paper 94-

3096.

Generazio, E.R.; Chamts, C.C.; and Abumeri, G.: Technology

Benefit Estimator fr/BEST_: User's Manual. NASA TM- 106785,

1994.

Heyliger, P.; Ramlrez, G.; and Saravanos, D.: Coupled Discrete-

Layer Finite Elements for Laminated Piezoelectric Plates.

Communications in Numerical Methods in Engineering,

vol. 10, 1994, pp. 971-981.

Hsu, D.K.; He, L.X.; Basart, J.P.; Liaw, P.K.; and Baaklini,

G.Y.: Some Results on the NDE of Metal Matrix Composites.

Review of Progress in QuanUtative Nondestructive Evaluation

(QNDE), D.O. Thompson and D.E. Chimenti, eds., Vol. 14B.

Aug. 1994, pp, 1367-1374.

Hsu, D.K.; Liaw, P.K.; and Baaklini, G.Y.: Comparison of NDE

Results and Correlation With Microstructural Characteristics

of NiFe.AI/W. ASME 94-GT-489, June 1994.

66



Kalluri, S.; Bhanu Sankara Rao, K.; Halford, G.R.; and

McGaw, M.A.: Deformation and Damage Mechanisms in

Ineonel 718 Superalloy. Proceedings of the Symposium on

Superalloys 718, 625, 706 and Various Derivatives, E.A. Loria,

ed., The Minerals, Metals, and Materials Society, 1994, pp.

593--606,

Kalluri, S.; and Bonacuse, P.J.: Estimation of Fatigue Life

Under Axial-Torsional Loading. Material Durability/Life

Prediction Modeling: Materials for the 21st Century, PVP-Vol.

290, S.Y. Zamrik and G.R. Halford, eds., American Society of

Mechanical Engineers, New York, 1994.

Kalluri, S.; Halford, G.R.; and McGaw, M.A.: Fatigue Behavior

of Inconel 718 Superalloy Subjected to Monotonic Tensile and

Compressive Strains. Advanced Earth-To-Orbit Propulsion

Technology, R.J. Richmond and S.T. Wu, eds,, Vol. 2, 1994,

pp. 287-294.

Lerch, B.A.; and Noebe, R.D.: Low-Cycle Fatigue Behavior of

Polycrystalline NiAl at 1000 K. Metall. Maters. Trans. A, vol.

25A, 1994, pp. 309-319.

Mahajan, A.J.; Bakhle, M.A.; and Dowell, E.H.: A New Method

for Aeroelastic Stability Analysis of Cascades Using Nonlinear,

Time-Marching CFD Solvers. AIAA Paper 94-4396, 1994.

Minnetyan, L.; Chamis, C.C.; and Murthy, P.L.N.: Effect of

Adhesive Thickness on the Durability of a Stiffened Composite

Panel. Proceedings of 39th International SAMPE Symposium

and Exhibition, 1994, pp. 2044-2056.

Minnetyan, L.; Chamis, C.C.; and Murthy, P.L.N.: Damage

Progression in Bent Composite Structural Members. AIAA

Paper 94-1455-CP, pp. 1173--1180.

Minnetyan, L.; Chamis, C.C.; and Murthy, P.L.N.: Damage

Tolerance of Thick Composite Shells Under External Pressure.

Proceedings of the 10th Conference on Fibrous Composites in

Structural Design, Report NAWCADWAR-94096--60, Vol. I, Apr.

1994, pp. 85--95.

Minnetyan, L.; Chamis, C.C.; and Murthy, P.L.N.: Damage

Progression in Mechanical Fastened Composite Structural

Joints. Proceedings of the American Society for Composites 9th

Technical Conference, Technomic Publishing Co., Neward,

Delaware, 1994, pp. 397-404.

Mital, S.K.; and Chamis, C.C.: Thermal and Mechnical

Behavior of Particulate Composite Materials. Proceedings the

Energy-Sources Technology Conference, American Society of

Mechanical Engineers, New York, 1994, pp. 275-283.

Mital, S.K.; Murthy, P.L.N.; and Chamis, C.C.: Modeling of

Stress/Strain Behavior of Fiber-Reinforced Ceramic Matrix

Composites Including Stress Redistribution. NASA TM-

106789, 1994.

Munson, J.; and Steinetz, B.M.: Specific Fuel Consumption

and Increased Thrust Performance Benefits Possible With

Advanced Seal Technology. AIAA Paper 94-2700, 1994.

Murthy, P.L.N.; Chamis, C.C.; and Minnetyan, L.: Design for

Progressive Damage in Fibrous Composite Structures.

Proceedings of 39th International SAMPE Symposium and

Exhibition, 1994, pp. 1705-1715.

Nemeth, N.N.; Powers, L.M.; Janosik, L.A.; and Gykenyesi,

J.P.: Durability Evaluation of Ceramic Components Using

CARES/LIFE. ASME Paper 94-GT-362, 1994.

Pai, S.S.; and Chamis, C.C.: Probabilistic Progressive Buckling

of Trusses. J. Space. Rock., vol. 31, no. 3, May-June 1994, pp.

466-474.

Pereira, J.M.; Kautz, H.E.; Roth, D.J.; and Duke, J.: Measure-

ment of Mechanical Damage in Ceramic Matrix Composites

Using Vibration and Acousto-Ultrasonic NDE. Proceedings of

the 7th Annual HiTEMP Review, NASA CP-10146, Vol. I, 1994.

pp. 23-1 to 23-12.

Reddy, T.S.R.; and Srivastava, R.: Analysis of a Rotor-Stator

Stage Using a Two-Dimensional Euler Aeroelastic Solver. AIAA

Paper 94-1638--CP, 1994, pp. 2537-2551.

Rokhlin, S.I.; Chu, Y.C.; and Baaklini, G.Y.: Assessment of

Damage in Ceramics and Ceramic Matrix Composites Using

Ultrasonic Techniques. ASME Paper 94--GT-228, 1994.

Rokhlin, S.I.; Chu, Y.C.; Baaklini, G.Y.; and Bhatt, R.T.:

Ultrasonic Characterization of Interphasial Stiffness and

Oxidation in SiC/RBSN Composites. Proceedings of 7th Anual

HiTEMP Review, NASA CP-10146, 1994, pp. 22-I to 22-11.

Rokhlin, S.I.; Chu, Y.C.; Baaklini, G.Y.; and Bhatt, R.T.:

Ultrasonic Assessment of Oxidation Damage in SiC/RBSN

Composites. Ceram. Eng. Sci. Proc., vol. 15, no. 5, 1994,

pp. 1164-1173.

Roth, D.J.; Baaklini, G.Y.; Sutteer, J.K.; Bodis, J.R.;

Leonhardt, T.A.; and Crane, E.A.: NDE Methods Necessary for

Accurate Characterization of Polymer Matrix Composite

Uniformity. Proceedings of 7th Annual HiTEMP Review, NASA

CP-10146, 1994, pp. 11-1 to 11-15.

Saigal, A.; and Pereira, J.M.: Mechanical Behaviour and

Residual Stresses in Unidirectional Tungsten Fibre-Reinforced

Copper Matrix Composites. International Symposium on

Recent Developments in Light Metals. Canadian Inst. Mining

Met., 1994.

Saleeb, A.F.; Serf, Y.; and Arnold, S.M.: Fully Associative

Viscoplasticity With Amsotropic and Nonlinear Kinematic

Hardening. Submitted Int, J. Plasticity, 1994.

Saravanos, D.A.; Birman, V.; and Hopkins, D.A.: Detection of

Delaminations in Composite Beams Using Piezoelectric

Sensors. AIAA Paper 94-1754-CP, 1994, pp. 181-191.

Saravanos, D.A.; Heyliger. P.R.; and Hopkins, D.A.: Mechanics

for the Coupled Dynamic Response of Active/Sensory Compos-

ite Structures. AIAA Paper 94-1756-CP, 1994, pp. 199-209.

Saravanos, D.A.; Lin, Y.J.; Choi, B.B.; and Hopkins, D.A.: On

Smart Composite Structures for Active Tip Clearance Control.

Adaptive Structures and Composite Materials: Analysis and

Application. American Society of Mechanical Engineers, New

York, 1994, pp. 145-150.

67



Shah,A.R.;Ball,R.D.;andChamts, C.C.: Probabflistic

Assessment of Space Nuclear Propulsion System Nozzle. NASA

TM-I06539, 1994.

Shah, A.R.; Singhal, S.N.; Murthy, P.L.N.; and Chamis, C.C.:

Probabilistic Simulation of Long-Term Behavior in Polymer

Matrix Composites. AIAA Paper 94-1445-CP, 1994,

pp. 1095-1104.

Shiao, M.C.; and Chamis, C.C.: OptlmizaUon of Adaptive

Intraply Hybrid Fiber Composites With Reliability Consider-

ations. NASATM-106632, 1994.

Shiao, M.C.; and Chamis, C.C.: Reliability of Composite

Structures With Multiple Design Criteria. NASA TM-106716,
1994.

Shiao, M,C,; and Chamis, C.C,: Probabilistic Design of Smart

Composite Structures. Proceedings of 39th International

SAMPE Symposium and Exhibition, 1994, pp. 3112-1715.

Shiao, M.C.; and Chamis, C.C.: A Probabilistic Buckling

Design of Stiffened Composite Structures With Cutouts.

Proceedings of the 10th Conference on Fibrous Composites in

Structural Design, Report NAWCADWAR-94096-60, Vol. I,

April 1994, pp. 37-52.

Singhal, S.N.; Abumeri, G,H.; Shiao, M.C.; and Chamis, C.C.:

Probabflistic Assessment of Tailored Composite Structures.

AIAA Paper 94-1418-4EP. pp. 871-881.

Singhal, S.N.; Shah, A.R.; Chamis, C.C.; and Murthy, P.L.N.:

Computational Simulation of Fatigue Endurance Design for

Composites. Proceedings of 39th InternaUonal SAMPE

Symposium and Exhibition, 1994, pp. 3283-3294.

Singhal, S.N.; Tong, M.T.; Murthy, P.L.N.; and Chamis, C.C.:
MulU-Factor Interaction Model for Nonlinear Materials

Behavior. ASME-Publications-vol. 62, 1994, pp. 261-274.

Srivastava, R.; Reddy, T.S.R.; and Mehrned, O.: Flutter

Analysis of Propfans Using a Three-Dimensional Euler Solver.

AIAA Paper 94-1549-CP, 1994, pp. 1803-1813.

Steinberg, E.P.; and Chamis, C.C.: Structural Probability

Concepts Adapted to Electrical Engineering. AIAA Paper-94-

1383-CP, pp. 616-632.

Steinetz, B.M.; and Hendricks, R,C.: Engine Seal Technology

Requirements to Meet NASA's Advanced Subsonic Technology

Program Goals. AIAA Paper 94--2698, 1994. (Also NASA TM-

106582.)

SutJahJo, E.; and Chamis, C,C.: Coupled Finite Element

Analysis of Fluid Mechanics, Heat Transfer, and Solid Mechan-

ics. IAA Paper 94-1586-CP, 1994, pp. 2135-2145.

Tong, M.T.; Singhal. S.N.; and Chamis, C.C.: Computational
Simulation of the Formation and Material Behavior of Ice.

NASA TM- 106702, 1994,

Writ, T.E.; and Arnold, S.M.: Micromechanics Analysis Code

(MAC) User Guide: Version 1.0. NASA TM-106706, 1994.

Worthem, D.W.: Thermomechanical Fatigue Behavior of Coated

and Uncoated Enhanced SiC/SiC[PW]. Proceedings of the 7th

Annual HiTEMP Review. NASA CP-10146, Vol. 3, 1994, pp.

66-1 to 66-12.

Zaretsky, E.V.; Chamls, C.C.; Murthy, P.L.N.; Singhal, S.N.;

and Hopkins. D.: Modeling the Future With Metal-Matrix

Composites. Machine Design, vol. 66, no. 5, Mar. 1994. pp.

124-132.

68





Form Approved
REPORT DOCUMENTATION PAGE OMBNo. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington. VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank)

4. TITLE AND SUBTITLE

2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

May 1996 Technical Memorandum

5. FUNDING NUMBERS

Structures Division 1994 Annual Report

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Lewis Research Center

Cleveland, Ohio 44135-3191

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

National Aeronautics and Space Administration

Washington, D.C. 20546-0001

WU-505-63-5B

8. PERFORMING ORGANIZATION

REPORT NUMBER

E-9763

10. SPONSORING/MONITORING

AGENCY REPORT NUMBER

NASA TM- 106989

11. SUPPLEMENTARY NOTES

Responsible person, Cindy Acquaviva, organization code 5200, (216) 433-3306.

12a. DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified - Unlimited

Subject Category 00 or Categories 00 and 00

This publication is available from the NASA Center for Aerospace Information, (301) 621-0390.

12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 word#)

The NASA Lewis Research Center Structures Division is an international leader and pioneer in developing new structural

analysis, life prediction, and failure analysis related to rotating machinery and more specifically to hot section components

in air-breathing aircraft engines and spacecraft propulsion systems. The research consists of both deterministic and proba-

bilistic methodology. Studies include, but are not limited to, high-cycle and low-cycle fatigue as well as material creep.

Studies of structural failure are at both the micro- and macroleveis. Nondestructive evaluation methods related to structural

reliability are developed, applied, and evaluated. Materials from which structural components are made, studied, and tested

are monolithics and metal-matrix, polymer-matrix, and ceramic-matrix composites. Aeroelastic models are developed and

used to determine the cyclic loading and life of fan and turbine blades. Life models are developed and tested for bearings,

seals, and other mechanical components, such as magnetic suspensions. Results of these studies are published in NASA

technical papers and reference publication as well as in technical society journal articles. The results of the work of the

Structures Division and the bibliography of its publications for calendar year 1994 are presented.

14. SUBJECT TERMS

Structural mechanics; Structural fatigue; Structural dynamics; Structural integrity

17. SECURITY CLASSIFICATION

OF REPORT

Unclassified

NSN 7540-01-280-5500

18. SECURITY CLASSIFICATION

OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION

OF ABSTRACT

Unclassified

15. NUMBER OF PAGES

73

16. PRICE CODE

A04

20. LIMITATION OF ABSTRACT

Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Std. Z39-1B
298-102





= 0 (D

_ _ _o° I _o_

_ _-_o_ _ °=

o CD
z _
o
-1-1

t-

3


